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FOREWORD

In January, 1983, the Air Force Geophysics Laboratory (AFGL)
awarded contract number F19628-83-C-0056 to the Space Dynanmics
Laboratories (SDL) at Utah State University (USU) in Logan, Utah,
under which SDL assists in the infrared measurement.progrem.

MAPSTAR is part of AFGL’s Laboratory Simulatioq program.
The overall gocal of the prbgram is to create a controlled-
environment data base of infrared emissions resulting from
molecular interactions in order to more accurately characterize
and identify the sources of infrared radiation in the atmosphere.
As a result, our ability to 1identify and track man-caused
disturbances in the atmosphere with infrared instruments will be

-

greatly enhanced. ’ BN

Laboratory models are being cross-checked with.ﬁgéﬁull
atmospheric observationa. Based on these findings, nuciéafland
atmospheric predictive models will be refined so that ;e nay
assess the effects of mankind’s activities on atmospheric
chemistry and more accurately identify artificial sources of

infrared radiation, such as rocket plumes.

AFGL has contracted the Laboratory Simulation Program to

MAPSTAR is part of a ground-based remote sensing program
designed to define infrared structure in the OH region of the
mesosphere. Several sensors will be employed in the MAPSTAR
effort. In the program’s first stage, a high-resolution ground-
based interferometer equipped with & high-straylight rejection

telescope was used to examine the spectral characterisastics of
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airglow from sources in the mesosphere. Data are also being
collected with a Doppler radar and an Isocon optical imager.

The interferometer-telescope sensor was designed to gather
quantitative data on the structure of airglow originating in the
mesosphere, particularly the structure of alternating bands of
airglow attributed to ‘gravity waves" propagating through the
atmosphere. Data gathered in June, 1983, apparently revealed
wavelengths, periods and phase velocities for the gravity waves,
as well as rotational temperatures in the bright and dark bands

of airglow, providing a wealth of new information about the

chemical and physical behavior of the mesosphere.




SUMMARY

‘A bright OH Meinel airglow structure event was recorded on
June 15, 1983 from Sacramento Peak, New Mexico. The MAPSTAR
interferometer was operated in conjunctiorn with low-light-level
infrared imaging iscocon camera system provided by the University
of Southampton, England. The camera was co-aligned with the
telescope to provide an infrared videc "eye" for the interfero—
meter.

The structures were measured at elevation angles near the
horizon. Apparent wavelengths, periods and phase velocities of
2441 km, 14+1 minutes, and 28+2 meters/second respectively, were
calculated for the recorded structure. The interferometer data
show intensity modulations of 20-4@ percent within the structure.
A mean rotational temperature of 165 degrees Kelvin was calcu—
lated wusing the interferometer spectral data and temperature
modulations of S to 1@ degrees Kelvin were recorded in phase
with the intensity modulationrs.

This report discusses the structure and performance of the
MAPSTAR interferometer and telescope, as well as the results
obtained using the sensor. Data collected shed new light on the

phenomena under investipgation and will provide a foundation for

studies in the future.
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CHAPTER 1

INTRODUCTION

The mesosphere is the intertface region between the
earths’ inner and outer atmospheres. Occurrences at the
mesopause include: the temperature gradient makes a sign
change, the atmospheric pressure, density, and mean
mole;ular weight all have an inflection point in their

respective curves [Banks and Kockarts 19731]. The atmosphere

makes a transition from a fluid to free molecular flow in

_this region which accounts for these changes. The unigque

properties of the mesospheric region are of great interecst
itn understanding the middle atmosphere and its influence on
the energy budget of the earth.

The 80 to 100 km region (mesosphere) is a difficult
region to study because the altitude is too low for direct
satellite oaobservations and too high faor direct balloon or
airplane measurements. Ground based studies are hampered by
the intervening atmosphere. There are some relatively
transparent atmospheric *windows" in the near infrared,
however. Hydroxyl radicals (OH) reside in this mesaspheric
region in sufficient concentrations to radiate a large

amount of energy at the red and near infrared wavelengths

{Baker 19781.
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3ﬂ} The excitation of OH is caused by various solar and
KR

1’1 g‘

b chemical processes. The excited OH radical is a complex
&%_ vibrational-rotational system which emits radiation
Wy

U
&ﬁ spectrally. The spectral radiation distribution is near
i
o)
Cub Maxwell-Baltzmann in nature [Baker 1978]; therefore, the O0OH
Wy L
"j spectral radiation can be measured, the PRoltzmann
AN
%:N distribution determined, and a rotational temperature
e

calculated {Ware 19801. This temperature can then be used

00
}$?' to help understand the chemistry and physics ot the entire
UM
U
.94
ﬁ? region. Banks and Koackarts (12731 show that mesospheric
S{ X%
!"“.'
’A. : ‘ s .

f temperatures during the summer months at a mid-latitude site
e
} can be expected to be between 150 *K and 190 °*K.

Recent studies have shown that mesospheric aoptical

radiation called airglow has, at times, exhibited some
.y
oy "wavelike®” structure [Taylor et al. 19801]. These waves have
oy
o,
j\é been studied using phaotographic and photometric methods.
‘) The abject of this study was to develop and utilize an
KW
:QM instrument to provide guantitative data of OH rotational
Sty
oA
,ﬁm temperature and intensity variations during these airglow

structure events .

Airglow Structure Measuremer.{ Background

The atmospheric airglow layer has been abserved and

xﬁ) studied for many years using a variety of methods. The
1."
)
{&q studies conducted during the decades from 1930 to 1970,
..t

however, failed to recognize the nature of the airglow

structure phenomenon. Rayleigh (19311 was amang ¢the first

S pEp. ) 0 (5, Wy Vs A% $700% 4% Ty 4
fahat v-l‘?’lek‘e“i!se\'af"efi‘!.ﬂ}. BRI BObeTO0S




3
to recognize the difference between airglow and aurora. He
referred to the enhanced airglow as “non-polar aurorae. "
Photaographs of the airglow structure were presented in 1952
by Hoffmeister (195213 but again, neither the identity nor
the source of the airglow structure was understood.
Chamberlain [1961] briefly outlines the historical efforts
in airglow studies up until 1961. During the decade of the
60s the techniques of photometry were perfected and wmost
optical atmospheric study efforts were centered around these
methods.

Kieffaber [1973] presented photographic evidence in 1972
of apparent airglaow "waves” and “cells’"” in the 750-900 nm
wavelength region using infrared +ilm and a 35S-mm camera.
She praoposed that the airglow stripes originated from a
disturbance in the OH layer. Again in late 1922, Peterson
and Kieffaber (19731 recarded mare accurrences of structure
at their mid-latitude site near Albuquerque, New Mexico.
The photographically recorded events were also tracked with
infrared photometers (1,65 and 2.2 am) and shown to be
moving between 20 and 40 meters/second.

In 19795, Crawford et al. {19735) flew an image
intensified isocon television system on board NASA's CV?990
aircraft. Peterson and Kieffaber [1975] observed on the
same flight with their cameras and photometers. Both groups
recorded "cloud-like" airglow structures. Again using 35-mm
cameras, Moreels and Herse [(1922) measured extensive OH

airglow struéture over Europe. Their findings were similar




q

to those of Peterson and Kieffaber. Waves on the order of
40-km spatial wavelength appeared to be traveling at
horizontal speeds from 15 to 20 meters/second. Peterson

(19791 was able to record numerous occurrences from 19735
through 1978 with some of the events being enhanced enough
to see the structure with the naked eve. The University of
Sauthampton Atmospheric Physics group [(Taylor et al. 1980
and Taylor 1984)] recorded many structure events with the
image isocon television cameras from 1923 thraough 1983.
Using radiometric techniques, Huppi and Baker [1976] also
recorded OoH intensity wvariations. Takeuchi and Misawa
(19811 record some short-period waves of OH intensity and
rotational temperature using a tilting +filter photometer.
This study wused a narrow field of view, fast scan rate
instrument. The spectral resolution was rather coarse,
however, (unable to resolve the base line between adjacent
band lines) and the measurements were taken without the aid
of any photographic or video equipment making it difficult
to identify what was being observed. Airglow structure was
also recorded by Peterson and Adams (19831 during a total
lunar eclipse in the summer o+f 1982. In this lunar eclipse
study extensive use was made of photographic equipment as
well as a vertical sounding radar.

During the decade of the 1970's, interferometric-
spectroscopy applied to middle atmospheric research matured
as a measurement science. Interferograms processed using

computer-based tast Fourjer transftform (FFT) methods yielded
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Sﬁ high-resolutiaon OH airglow spectra from which intensity and
1w,
N A
jﬁ rotational temperatures could be extracted. Baker (19781

presents an excellent summary of the studies conducted 1in

tms this area. However, because the instruments used had wide
ﬁi fields of view (therefore integration over large areas), low
gt

. throughput (therefore long integration times), or low
by
-33 spectral resolution the small spatial airglow variations

R were not able to be spectroscopically measured at high
resolution.

el The reterences cited and many others have recorded OH

;N' airglow structure events. However, none of the researchers

- were able ta provide a measure of high-resolution spectral

X changes and therefore calculate the differences in OH
S
]
ﬁ;A rotational temperature of the dark and bright band "waves."
A,
ot This dissertation gives the design, develapment, and
A ,g
A
1&2 operation of a special high-throughput, narrow field of
(3
A
fmf view, fast scan interferometer-spectrometer which can
d’ spectrally, spatially, and temporally resolve the OH airglow
3
,s‘i::’
e emission structure.
it
S
i Airglow Structure and the Theory
1Q$
mw of Atmospheric Gravity Waves
" ey
r"'
bﬂ
m
Eb* In a landmark paper, Hines [19601 suggested that wunder
f{ certain conditions the atmosphere could be disturbed by a
y
v
:&% “gravity wave." Later, Hines (19651 hypothesized that the
ﬂ&
L4

passage of internal gravity waves (IGW'Ss) through the

atmosphere would cause some reversible, adiabatic heating
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6
(temperature fluctuations associated with waves) until the
dissipation ot the wave became excessive. Along with his
gravity wave hypothesis, Hines [(1965) gave a simple model to
describe bhis suspected IGW temperature fluctuations. Using
some constants from the high-altitude vapor-trail
measurements of Kochanski [19641 in the Hines model, a
calculated temperature change of *6 °K could be expected in
conjunction with the passage of an IGW through the
atmosphere. Temperature and wind measurements by Rai and
Fejer [19711 using rocket-grenade techniques support the IGW
hypothesis put forth by Hines.

The atmospheric scientific community in the Soviet Union
has done extensive woark in the area of an adiabatic-
oscillation IGW model similar to the work of Hines (19601,
Krassovsky et al. [1977]1 summarize much of the modeling and
measurement efforts of this group. The basic instrument
used is a three-axis diffraction spectrograph, supported by
various photometers. The large data base of measurements
presented, shows strong correlation between the magnitude of
the temperature modulation and the period of the IGW. The
observational data presented exhibit, for IGW periods of
about 25 wminutes, the calculated rotational temperature
changes of about 6 °K with the passing of the wave
[Krassovsky et al. 19221. Additionally, the Soviet work
indicates that a significant rotational temperature

difference can be seen between high level and low level OH

vibrational transitions. The observed differences range




from O to 25 *K with the high vibrational level transitions

appearing hotter.

Interferometers and Fourier

Transfarm Spectrascopy

The Michelson interferometer was invented in the 1880’'s
by Albert Abraham Michelsan ([Shankland 19741]. In the
Michelson-Morley experiment, the instrument was used in an
attempt to measure the earth’'s movement through an "ether.”
Michelson also used his interferometer to determine the
exact length of the standard meter and to measure the
diameter of celestial bodies. He also discovered the
spectral fine structure of hydrogen, mercury, and thallium
[Shankland 19741]. This pointed out the potential for what
would be later be called "Fourier spectroscopy.”

Optically-sensitive detectors were subsequently used in
conjunction with Michelson interferometers, in which one
mirror was mechanically displaced at a constant rate, to
produce an electrical interferogram. The interferogram was
then inverted using Fourier transform techniques to yield
direct spectral data. In 1910, Ruben and Woods {Connes
19631 obtained the +irst far infrared spectrum using this
method. Fellgett (19491 and Jacquinot (1954] independently

showed the inherent advantage that the interferometer has

over grating and prism spectrometers. This advantage
results from measuring all spectral components
simultaneously. This improvement was referred to by

JEDOROMARCA IO




Fellget as "multiplex spectroscopy"”. Jacquinot (Connes 1963]
.gg‘ also showed that absence of slits in Michelson sapectrometry
Ry also improved system throughput when compared with conventional
W grating methods.

The advent of large, fast computers and the development of
the fast Fourier transform [(Forman 19661, which together could
calculate a large Fourier transform quickly, spread the use of
e Fourier transforms for power spectral density analysis into
many fields. Notable contributions were made in the field in

ot the 1950°s, 1960’s, and 1970’a by Mertz [1959], Connes (19561,

,.ﬁ Gebbie and Vanasse (19561, Strong and Vanasse [1939], Forman
%K§ {19661, Haycock and Baker [(1975), and Steed [(1978]. Many of
gf’ the 1mprovements in the field were reported at the 1970 Aspen
Zé? Conference on Fourier Spectroscopy [Vanasse et al. 1971].

%ﬁg Figure 1-1 shows the typical layout of the Michelson
Té interferometer. The system is comprised of a beamsplitter that
ggﬁ divides the incoming 1light beam into two equal parts, two
%ﬁ mirrors (Ml 18 stationary and M2 is mobile), and a condenser
g2 lens to focus the light onto a detector.
;iﬁ The incoming light is divided into two portions by the
g%: beamsplitter with each portion directed to its respective
S mirror. The energy is then reflected by the mirrors and is
i%% recombined at the beamsplitter and passed onto the detector
E$; ayatem, The recombined beam is modulated by differences in
B the path lengths between the beamsplitter and each of the
iﬁz mirrors. If the mobile mirror M2 is in a position such
i
=

.
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BEAM 2
SPLITTER

L}
INTERFEROGRAM

Figure 1-1. Layout of a conventional Michelson
interferometer.

that the path length AC is the same as the path length AB,
then the recombined signals are in phase and thus add
constructively. The same constructive addition occurs when
the path length difference BC-AC is any integral number of
wavelengths of the incoming signal. On the other hand, it
the path length difference is not an integral multiple of
the wavelength, then the recombined signal will have varying
amounts of destructive interference depending upon the phase
difference. As the path length AC is changed in a wuniform
manner, by moving M2 at a constant rate, the electrical
signal from the detector is the interferogram of the

incoming optical signal. The Faourier transformed

interferogram yields the spectral content of the incoming

light.
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The simul taneous measurement of high-resolution
spectral, temporal, and spatial characteristics of the OH
airglow structure requires an instrument with both a narrow
field of view and high throughput. The standard Michelson
interferometer, when used for high-resolution measurements,
has a narrow field of view but its low throughput would make
it an order of magnitude less sensitive.

The narrow +field of view limitation ot a standard
Michelson interferameter is illustrated in Figure 1-2. When
incoming energy is allaowed to enter the interferometer off-
axis (6#0°*) the relationship between the displacement of
mirrar M2 and the actual path difference between the two
mirrors is altered. The path difference or retardation is
na langer 2d as it is when light is coming straight into the
instrument, but now is 2dcoseé, where 6 is the angle of the
incoming light with respect to the entry normal. For an
instrument with a given resolving power the maximum usable

field of view for a standard Michelson interferometer is,

according to Vanasse (19771

Q =24 /R ’ (1.1)
max
where
nmax = maximum field of view in steradians,
R = resolving power of instrument.

To increase the throughput (thus achieving a faster scan

rate) an optically-compensated interferometer was chosen for

use in this study. There have been many proposed methods
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MIRROR _d
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e | nl
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FOV APERTURE PLANE
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- X
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Figure 1-2. Interaction of off-axis rays in conventional

Michelson interferometer [(Steed 19781].
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of field-widening or optical-compensation for increasing the
throughput of an interferometer. These techniques are
reviewed by Baker (Vanasse 19771. The method used for the
instrument in this study was tirst proposed by Connes
(195461, and uses optical-compensation wedges or prisms in
each leg of the interferometer (specific details are
discussed in Chapter I11). Optical caompensatian increases
the throughput by increasing the usable field of view 0of the
instrument. However, the measurement of OH airglow
structure requires a small field of view. The high
throughput of the compensated interferometer was matched
(maintaining temporal resolution) to a special optical
system which included a large-diameter telescope to obtain
the desired narrow field of view while maintaining
throughput.

The interferometer system was now able to simultaneously
resolve the spectral, temporal, and spatial characteristics
of the OH airglow structure. However, because the measured
radiation was in the infrared it was necessary to laocate and
measure a structure occurrence and to characterize the total
structure into which the interferometer was looking. The

video viewing system used is described in the next section.

$
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Isocan Television System

Taylor [1983-84]1 participated in this research by

providing and operating a low light-level infrared
television camera used in conjunction with the
interferometer-spectrometer. This Southampton University

infrared TV camera allowed any airglow structure to be
quickly and efficiently identified and permanently recorded
as video information. Taylor's system employed an image
intensified isocon television system. This isocon
television system is briefly described here for
completeness.

The isocon tube is different than other scanning image
tubes in that it uses a different portion of the scanning
electron beam to create the signal. The low-energy electron
beam scans a high-resistance target as in other tubes;
however, the isocon signal comes from the electrons that are
scattered off the target [Soule 19681 rather than the
reflected electrons used by conventional equipment
(orthicons use the reflected beam). The scattered signal,
although small in magnitude, has a high signal-to-noise
ratio, and is particularly well suited to the viewing of the
low-contrast, faint OH airglow.

The TV system used to image the airglaow structures was
specially modified to enable clear images of the OH airglow
patterns to be obtained in less than a second [Taylor 19841)].
The television camera used was an English Electric Valve

Miniature 1Isocon, Type P1477 +fitted with a single-stage
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ﬂ% image intensitfier, optically coupled to a 55-mm image isocon
0'(‘1

Va4

‘é tube. The camera has a signal-to-noise ratio of
4*‘ approximately 40 dB at 10 ft-candles (starlight conditions)
B

i

he
ﬁ and a dynamic range of about 2000:1.

e

A

igt
et TJo turther enhance the capability of the camera to image
LI M
ﬁb: very faint airglow structures, it was arranged for the
O

ﬁé: electronic image to be integrated on the target of the TV
L

NN

N

tube for a period of up to a second (longer integration
times allow the image charge an the target to migrate and
dity thus smear the image) before being scanned and recorded onto

video tape (Taylor 19841. This technique is particularly

‘; useful as it improves the signal-to-noise ratio ot the

:ﬁﬂ airglow signal by nearly an order of magnitude (7 times +for

WQ a 1l-second integration period) with no significant loss of

g‘: temporal resolution.

gﬁt The camera has an extended red spectral response (S25)

M

Jﬁ' with a peak sensitivity at about S00 nm and a long

égg wavelength cut off at 900 nm. Images of the near-infrared

nhe

5%? OH structure were obtained by placing a Schott RG713 band

L stop filter in front of the camera lens. The combined

E%? respanse of this filter and the TV camera gave a bandwidth

o

égﬁ (half maximum) of 715 to 850 nm and a peak sensitivity

;:i around 7?30 nm. This bandwidth is illustrated in Figure 1-3.

bt |
fﬁ% The location of all the OH emission bands within this %
nb :
:%& spectral range are indicated. The intensity in the zenith |
(Rl

" of the OH emission within this bandpass is typically 3 to 1S5

:é% kR the principal emissions are the OH (9,4) and (3,1)
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K Figure 1-3. Isocon camera system spectral range including
the OH emissions within that range [Taylor 1983-841].
ﬁx
-;,,'"f:
i Meinel bands (Taylor 1984). The camera was fitted with a
L
tr_1 i
:Mﬁ Nikon 85-mm, /1.4 lens and was adjusted to give an almost
Py square field of view of 13*° horizontal by 13* vertical. The
& woA
';;l“.
Uw' - isocon camera used in this study is shown in Figure 2-9,
'l’t‘t
¢

A mounted on the interferometer telescope.
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&h The Southampton TV cameras have been used {or many years

to "photograph® the near-infrared OH airglow structure. An
example of the quality of the video data gathered is shown

in Figure 1-4. This video frame was taken in August of 1980

while observing over the Swiss Alps. The bright and dark

. ¥
b
ot bands each subtend about 1* of arc. These data were the
2 |
;ﬁ: basis upon which the interferometer’s field ot view was
A
i )
designed in order to resolve the spatial nature of the OH
ANy
x@ airglow structure.
]
[ Q(\-i
!':':l
et Scope and Objectives
-." ;
'l The specific goals and objectives are outlined as
A
B 0
q follows:
RGN
i. Design and develop an optical instrumentation system
245y
yite .
qsf capable of quantifying the spatial, spectral, and
k]
K%
ﬁ% temporal characteristics of OH near-infrared night
ey
2J airglow structure. The instrumental field of view must
W
& :I:
1t be one degree or less to resolve the structural
Mok
r.':.i : . .
&& characteristics of the airglow. The system must have
: \‘“
spectral resaolution of better than 3 cm—1 in order to
1%
o, .
e, provide spectra from which aH rotational temperatures
Py
Bt d)
%,i: can be calculated using appropriate algorithms and
A
— digital computer programs. The NESR must be sufficient
"y
A &?‘.‘ . . . .
L, ta resolve the OH near-infrared airglow with scan times
J ,7"
LD
tﬁh of less than | minute to resolve the temporal
SR
NG fluctuations of the airglow structure.
-‘a ﬁ
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i
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e
fﬁ: 2. Use the instrumentation system to measure the spectral,
R ";:\

T spatial, and temporal characteristics of OH near-
e infrared airglow structure from a mid-latitude aobserving
LA
e .
M site.
k:?"t‘

Yo't 3. Develop and apply signal processing procedures extending
?mﬂ the sampling and FFT work of Ware [(1980) to extract both
o
oy
B0 )
AN radiance and rotational temperature variations o+ OH
u'l"‘f
R
> "' .
S airglow structure.
¢§$f q, Derive error bounds on the measurement data, based upon
M
Jﬂﬁ
fE% system specifications such as field of view, scan speed,
i
i and spectral resolution, as well as instrument
:?ﬁi calibration, and signal processing techniques.

(J
;ﬁf‘! ;
féy 5. Present the observational results, correlate intensity
ot
'.{Hﬂ'
bk variations, temperature fluctuations, and structure with
;ﬁ%ﬁ simultaneous near-infrared video images, and compare the
s 1}
\Qg‘\ )
}%wﬂ findings with expected OH airglow dynamics studies from
’:x“:i
# l‘“‘l
;' other investigators.
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CHAPTER I1

OPTICAL INSTRUMENTATION SYSTEM DESIGN
Design Philasophy

The goal of this study was to develop a technique for
simultaneously measuring the spatial, spectral, and tempocral
characteristics of OH near-infrared airglow structures. The
basic instrumental approach chosen to provide the speciral
resolving capability is a Michelson interferomneter -
spectrometer which is optically-compensated to achieve a
very high throughput. The compensation technique used makes
it possible for obliquely incident optical energy up to S
degrees off axis to contribute to the detected signal
without sacrificing spectral resolution. This resulting
high throughput, within the interferometer, is matched at
the input to a large diameter collecting telescope vyielding
a sub-degree +field of view needed for spatial resoclving
power. The entire aptical system is diagrammatically shown
in Figure 2-1.

An optically-caompensated interferometer has the high
throughput needed to achieve a relatively high temporal
resolving paower, in other words, a scan time of less than a
minute. Temporal vartations are therefore identified while
maintaining a spectral resolution of 2 cm—l in the near-

infrared. A spectral resolution nearly this high is
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desirable in order to unambiguously caompute OH rotational
temperatures from the mwmeasured spectra. A free spectral
range of 0.8 ¢to 1.6 sm has been obtained using a
cryaogenically-coaled intrinsic germanium detector. The
optical system was designed to maintain the high throughput
capability (0.285 cm2 sr) of the interferometer while
operating at a narrow field of view (<1°) in order to be
able to resolve the spatial nature of the airglow structure.

The design criteria and the resulting design for an
optically-compensated interferometer are 9given in this
chapter. Then an analysis is made of the resulting

interferometer-spectrometer system.
High-Throughput Interferometer Design

The optical layout of a conventiaonal Michelson
interferometer was discussed in Chapter I. Referring to
Figure 1-2, the retardation or path difference is a function
of the entry angle of the incoming energy. The relationship
is, 4=2dcos6, where d is the on-axis (86=0*) drive distance
and @ is the angle of the off-axis ray. The maximum field
of view for a standard Michelsaon interferometer is,
nmax=2'/R (Eq 1.1), where nmax is the maximum field of view
aof the instrument and R is the resolving power. When viewing
taint airglow events this limitation on throughput is a

severe one. The optical system is compensated to increase

system throughput for temporal resolution. This high-

throughput has been matched to a collector system to
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oo maintain the throughput while narrowing the +field of view
1y (for spatial resolution).

The method used in this study to improve the throughput
g of the interferometer system is the one analyzed by
A Bouchareine and Connes [1963] and is depicted in Figure 2-2.
RSk The caompensated-optics design used follows that developed by
K Despain et al. (19711, and the design limitations previously
derived will be summarized here for completeness. Figure 2-
Lt 3 shows the compensation analysis approach of Steed (1978].
R With the aptical caompensation prisms inserted, the

P retardation is

, P . a—- . = % 0
¢ '?'Lf";fs ) “".'§%€“532‘5 Lyl *:59':w3!‘|.-.o;i;v!lg\,‘ng K
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. Ac = 2d cos 0 + 2¢n cos ¢ - 2¢ cos © ’ (2.1)
where

yﬁ Ac= retardation with compensation prisms inserted,

(38

1

j} - ¢ = thickness ot optical material,

n = index of refraction of optical material,

‘t; ;: -

e d = mirror drive distance, AC - AB,

R0

f:'-‘:‘

i © = angle of off-axis ray,

s ¢ = refraction angle of off-axis ray through optical
W
Lt material.
K | ";‘
h"...
Jﬁf The retardation equation shown above can be expanded in
;g~ a Taylor series and like terms collected to show the field
]
b4

8 of view dependency more directly; namely,
o

- 1
a_=2[en - 1 ] + [ "—n- - afe?

s;,;e"
£ g0
e ¢ tnd - 1) ¢ ARG
et +|— + 3 + 5 - ] . (2.2)
e
NI 12 3n 12n 12
M
Qﬁ which is a quartic equation in €.
f.I.(‘

L)
xﬂ‘ Ideally, the retardation AC should be independent of the
o3,
Y,
*{j entry angle 9o. Equation 2.2 shows that this is not possible
i%, by varying only the drive distance & and the index of
o
Ly
'ﬁ’ refraction n. However, a significant improvement can be
(‘:"‘,\

. realized by designing such that,

:h

.. n - 1

. = ¢} —— (2.3)

Y
"

l which eliminates the 92 term in the retardation Equation 2.2
. 2
ﬂ, by forcing the © coefficient to zero. This leaves only
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Figure 2-3. Optical compensation with an optical section
inserted into one leg of a Michelson 1interferometer [Steed
19781.
q . . . .

the © term and since 6 is small this term is relatively
insignificant.

Designing the compensation wedges to satisfy Eq 2.3 and
then solving Equation 2.2 for an on-axis ray (6=0°), the
resulting retardation Aco is

a_.= 3§[n2—1] . (2.4)

Assuming a monochromatic wave front and using the
results of Eq 2.4, the general retardation for the

compensated case is

4q
* — .
a_ = s8_g ACQ[ 2] , (2.5)
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[y
TR where
LK)
i |
ik a. = compensated retardation,
A
oo Acu = retardation for an on-axis ray.
A
s
g y -] = entry angle for incoming ray in radians
B 5
't:g ]
%Q - n = index of refraction of compensation prisms.
¢ »

. The analysis for the Connes [1956)] method shown in

o
iﬂs Figure 2-2, in which only one optical camponent is driven,
e
l"\,
" is the same as for the system shown 1in Figure 2.3. The
BMA thickness of the optical material must, however, increase
nl
(SN
'k
[%% with the drive distance ¢ in order to maintain optical
e
vt !
'ﬂﬁ compensation (see Equation 2.3). The increase in aptical-
;Fi material thickness needed to maintain compensation is
:V 4y
A
ﬁﬁﬁ abtained by driving one of the optical wedge/mirror
A
e assemblies in synchronism with the drive motor. Referring
iﬁ& to Figure 2-2, it can be seen that the reflective elements
i,
ﬁ? or mirraors in this method are created by depositing the
)
§
:Q?: . .
ot mirrored surface to the back side of each wedge.
J
l}} Steed (19783 derived the limits on field of view as a
E‘?i'!
08
?ﬁi function of resolving power based upon aberration limits.
At
By
vt
N The results are categorized into several graoups. The first
yﬁ is chromatic aberration, that is, differences in the
o
LN
Vb
.ﬁ“ compensation because the index of refraction of the optical
e
e
. material is a function of wavelength. The chromatic limit
"':0‘ ig
q.. )
.
if’
My 2
e nM nin" - 1) A
— co
"
)
\":»'
A |

e . TN P ™ AR 2, L 1 AT ™ ™t 1
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where

nc = field of view at wavelength A in steradians,

nM = field of view for conventional Michelson
interferometer,

n = index of refractiaon at wavelength i,

§n = n-nc where nc= index of refraction at compensated
wavelength,

R = desired resolving power,

Aco = retardation for on-axis ray,

A =

wavelength expressed in same units as Aco'
The second limiting factor on field of view is that af
spherical aberration. This limit is also derived by Steed

[1¢281. The maximum field of view assuming only spherical

aberrations is

ns = ﬁM n { (2R . (2.2)
I
The third type of aberration is astigmatism. In the f

Connes method a wedge 1is placed in each 1eg oaof the
interferometer; however, only one of the wedges is driven.
This simplifies the mechanical design but because a wedge is
in each optical path, astigmatism aberrations occur. The
severity of the aberration increases as the angle («) of the
compensation wedges increases. Bouchareine and Connes

s [1963]1 quantify this aberratian as

. 2
S t .
nA = an/ an « ’ (2.8)

-

Twome
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A
)
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ol
Yo' where
LA
Yt
[
ﬁm @ = prism angle of the compensation wedge.
LA
o The aberrations considered were each derived assuming
'
e
Yy
mﬁ the net effect of the distortion was a shift of one fringe
vyl
A
',.
Q% - in the interference pattern. These degradations prove to be
S the limiting factors upon the maximum usable field of view.
Hidk
%:: Figure 2-4 is a plot of Equations 2.6, 2.7, and 2.8 and
4
Ny shows the relationship between these various limits. At
s least an order of magnitude improvement in throughput is
,‘Q"‘
)
%&_ obtainable using the wedge prism compensation techniqgue.
*
B X)
e
00
{%: The next step in the system design is to ascertain the
e optical retardation for the Connes [1956] method. Referring
e
:}:'n to Figure 2-5, Steed [1978] showed the drive plane is

parallel with the apparent image plane of the optical

%&% wedges. The difference in aptical path length or
'i'
gﬁ retardation between image points Al and A2 separated by a
iy

AR

ﬁm drive distance X is

J

]
't;',l .
h* A& = 2X sin{(B-Y) ’ (2.9)
y ¥
B at
B

4\‘&.9

AR where

n _ -1

'(V # = sin (n sina),
298 -1, n - 1

i - P

A 7 =« - tan " [(Z——) tand],

o

i a = wedge angle,

%& X = drive distance.

R
A4
‘#ﬁ
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method of optical

Michelson interferometer [Steed 1978).
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Drive System

Examination of Equation 2.9 shows that the choice of a

large wedge angle reduces the actual drive distance, thereby

Dol
mﬁ easing the mechanical drive regquirements. However, the !
Sl |
) choice must be made in conjunction with the 1limits on ‘
A . . . .
a8 . distortion resented in Figure 2-4. The wedges and cube
A P
N Wl
‘bﬁ beamsplitter used in this instrument are made of a high
i
quality quartz, namely, Infrasil I, manufactured by Amersil
.v'.'.g.
.%g Corporation. The measured index of refraction for this
K
) material is 1.45. A compensation prism wedge angle of 8¢
."Q'.
Ay
) .
' was chasen. Solving Equation 2.9 for this wedge angle, then
-
!
X F = 11.64°, ¥ = 5S.50°, and a = O0.21X. The optical
) i
ﬁr retardation for this compensation technique is only about !
: |
t':'. i
by
20% ot the drive distance, where as in & conventional ‘
g
& . Michelson interferometer the retardation is equal to 2«a
w?. where ¢ is the drive distance. Thus, for a given spectral
?'e'!.
J resolution the compensated interferaometer requires a drive
"
R
ﬂﬁ distance ot 2/.21=9.5 times longer than the conventional
,'_l:g;.
\‘.l«
ot Michelson approach.
W
it
An optically-compensated interferometer with a spectral
ai -1
ﬁf resolution of 2 cm requires a slide movement o+ 3.1 cm.
X0
1)
‘ﬁﬂ. This comparatively large drive distance is accomplished
‘\‘..
X
- : using a gas-lubricated platform, providing near-zero
?:Il:‘
.’!!:;: friction, developed by Haycack (19751. The platform
v‘ -
salhy
Hwt translates the optical wedge/mirror assembly and as such

must maintain mechanical tolerances as close as possible to

> the wavelength dimensions of the itnfrared l1ight being

. T AR IO y
R AR SRR e ¥ IO SIS
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Figure 2-5. Cross section of optical wedge in two drive
positions a distance X apart [Steed 1978).
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3t
measured. The gas bearing surfaces are lapped to a
tolerance o©of about 1 wavelength of 5461 A& light and operate
with a clearance of 2.5x10—4cm. At an operating pressure of
6-12 psi the bearing will maintain an optical alignment of 1
arc second while translating 5 cm {Haycock 19751. The
optical components are then mounted on the bearing-supported
optical platform. Adjustment far parallelism is
accamplished on an optical bench using a laboratory He-Ne
laser as a light source. The material used in the platform

and bearing assembly is a specially formulated Invar alloy,

chosen for its excellent temperature and stability
characteristics and to match the thermal expansion
characteristics of the optical material. This sophisticated
platform provides the relatively long drive distances

required (up to S cm) as well as the mechanical accuracy
needed to translate the optical components properly.

The platform is driven by a “voice coil" motor and
therefore makes no physical contact with the rest of the
instrument. The motor is driven by a standard servo-
amplifier with feedback from positional and velocity sensors
located within the platform slide. The main signal driving
the slide is generated by a digitally-controlled ramp which
can be adjusted for slide velocity and drive distance. The
slide controller can produce variable scan times of 5
seconds up to several minutes, and a drive distance of up to
S cm. The completed interferometer uses a 10-cm cube

beamsplitter and 11.4-cmm diameter end wedges with a prism

. o ’ . . O IO
;,5’,:;’7“? :"'?1.,99"':#‘*‘:? l’ \'? i' A‘A‘_i ‘:‘,:‘r“*i‘,g’qu"v““
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angle ot 8°*. The interftferometer with bearing system is
shown in Figure 2-6.

For simplicity, a secondary HeNe laser -excited
interferometer is used, with its independent mwmoving mirror
on the same optical platform as the primary optical signal
channel, to monitor the slide position. The laser signal is
counted down by é and used to digitize the main channel
interferogram. This method provides sufficient sample
points for a 16k fast Fourier transform.

The other specifications for accuracy of the optical and
mechanical components are described in detail by Steed
[1978]. The entire system was originally designed to be
operated at liquid nitrogen temperature (7?7 *K) to reduce
background radiation at longer wavelengths (>2 gm). The
spectral range used in this study (0.8 to 1.6 um) is not
background limited and therefore does not require the added

complexity of optical train cooling.
Detector System

The optically-compensated interferometer has a very
large throughput (AN = 1 cmzsr). The desired goal of
optical compensation was to improve the sensitivity of the
interferometer system} however, to take advantage of the
large throughput a large diameter detector is requkred. For
example, assuming a throughput of 1 cm2 sr and collectar

optics with a very +ast 4 -number of 0.5, the detector

diameter would have to be 0.630 cm. Large infrared
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Figure 2-6. Optically-compensated interferometer shaowing
beamsplitter, wedges, and bearing assemblies.

.

MBI UCE RO R
B O A N e



34
detectors with the necessary detectivity are very difficult
to manutacture; theretore, some compromise was necessitated.
The required detector diameter and the speed of the
collecting optics shown in the example are both somewhat
impractical.

A detector system was chosen which was readily available
and had proven effective in the past. The detector selected
was an RCA Ltd., solid state germanium device with a self-

contained preamplifier and load resistor in a liquid-

nitraogen dewar. Figure 2-7 1is a picture of the detector
dewar. The detector is 5 mm in diameter and has a noise
equivalent power (NEP) of 1.12 x 10 1% W/fHz at 1.27 sm and

covers a spectral range of 0.8 to 1.6 um.

It was decided that a scan rate of 30 secaonds would be
sufficient to resolve the temporal variations of first
interest in the OH airglaow structure. This decision was
based upon video data gathered by Taylor et al. [19801. A
30-second scan, a minimum wavelength of 0.8 pm, and a drive
distance of 3.1 cm (spectral resoclution of 2 cm-i) set the
detectér electrical bandwidth at 150 Hz. The RCA detector
has a bandwidth of 600 Hz. Appendix A contains the detailed

specifications of the detector system.
Telescope Design

The spatial characteristics o+ the airglow structure,

shown by Taylaor [1983-841, dictated that the instrument

field of view be less than 1°* full angle. The goal of the
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Figure 2-7, Picture of RCA Limited

liquid-nitrogen coaled
germanium detector system.
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optical design was to maintain the inherent high throughput
of the compensated interferometer throughout the entire
system. All portions of the optical path were examined in
order to ascertain where the system was throughput-limited.
The choice of a detector, and practical limitations on the
f-number o+t available condenser lenses proved to be the
limiting factors. An optical system was designed,
incarporating the interferometer, using a large diameter
collector, which maintained the system throughput while
narrowing the field of view to under 11°. The instrument
system was now capable of measuring the temparal, spectral,
and spatial variations of the airglow layer.

The design of the optical system began with the detector
and choice of its condenser lens and proceeded back towards
the telescope collector. The entire optical system |is
described diagrammatically in Figure 2-1. The diameter of
the condenser lens must, however, allow the converging beam
to pass through the beamsplitter and wedges without
vignetting. A commercially available condenser lens with a
diameter of 68 mm and an effective focal length of S0 mm was
chosen. The condenser lens and detector diameter of 5 mm
set the system throughput or Aft at 0.28 cmzsr. Referring to
Figure 2-1, a throughput ot 0.28 cmzsr translates to a beam
diameter entering the interferometer of 92 mm and converging
in a 6°* full field of view. The physical dimensions of the
detector optics outlined here it well within the size

constraints of the basic interferaometer. The +ield ot view
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is also within the aberratiaon limits, shown in Figure 2-4,
for an optically-compensated interferometer.

The calculated throughput can now be used to design the
telescope needed to narrow the +ield of view to 1* or less.
A throughput, dictated by the detector system, of 0.28 cmzsr
and a 1° field of view design goal, set the collector
diameter at D = AN/2r (1-cos6)=44 cm. A 50.8-cm (20-inch)
diameter system was chosen because of availability and to
allow for some error in aligning ¢the telescope optics.
Taking advantage of the larger collector, the field of view
Wwas narrowed to 0.8°* requiring a 48-cm diameter collector,
within the $50.8-cm mirraor size and still allowing for some
error in optical system alignment. For portability, an +/2
primary was specified to minimize the telescope length. An
overall system f number of 8 was selected to transter the
telescope image to the proper position.

In this application, the purpose of the telescope is to
gather energy and transfer it to the detector, rather than
to transfer a spatial image. Therefore, the quality of the
optical image within the field of view is not of as great a
concern as it would be in an imaging system. Many types o+t
folded telescope systems were cansidered. In order to
simplify the optics Driscoll and Vaughan {(1973] suggests a
Dall-Kirkham type because of the spherical secondary, i¢ the
resulting image distortion is acceptable. The distortion

tor a Dall-Kirkham system of this size was calculated using

the formula in Driscoll and Vaughan [1973), and found to bte
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less than 0.4% of the area (coma and astigmatism distortion
were calculated in terms of primary mirror area that will be
degraded) of the primary mirror. Therefore, a Dall-Kirkham
type of telescope, being more than adequate, was chosen for
its simplicity and relatively low cost. This type of
telescope has a spherical secondary mirror and an elliptical
primary mirror. The telescope-equipped interferometer
system with the isocon camera mounted on the telescope is
pictured in Figure 2-9.

The last step in the optical design was to provide an
optical interface between the telescope and the detector
sub-systems. Two primary considerations were given emphasis
in this interface design: (1) imaging the detector on the
primary wirror, and (2) imaging the condenser lens on the
telescope focal plane, The detectar may have an uneven
response across its area, therefore imaging the detector on
the primary mirror minimizes the effects of off-axis rays by
illuminating the entire detector by light entering within
the tield of view of the instrument. An image of the
detector condenser lens at the telescope focal plane allows
for independent control of the system field of view.

An adjustable iris was then placed at the focal plane
for adjusting the field of view while still allowing the
entire detector to be illuminated by energy within the field
ot view, Careful] choice of physical dimensions and optics

allow the transfer of each image independent of the other.
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The goal of placing a detector image on the primary
mirror was accomplished by the use of two lenses. Referring
to Figure 2-1, a transfer lens, which has a diameter of 100
mm and a focal length of 2350 mm, is placed near the
intertferometer beamsplitter. This lens produces an image of
the detector at a focal point near the physical entrance to
the interferometer housing. The magnification ratio of this
transfer lens focal length to the focal length (S0 mm) of
the condenser lens determines the detector image size at
this point; therefore, the detector image is 25 mm in
diameter. A field stop is placed at this point to limit the
detector image size throughout the rest of the system.
Another transfer lens, which has a ?5-mm diameter and a
focal length of 200 mm, is placed at the focal plane of the
telescope. This lens transfers the detector image at the
+ield stop onto the primary mirror. As can be seen from
Figure 2-1, two angled mirrors were required to meet the
physical constraints of the design.

The second design objective o+ the optical transfer
system was to place an image of the detector condenser lens
on the telescope facal plane. A collimated image of the
condenser lens is generated by the 100-mm diameter transfer
lens that is placed near the interferaometer beamsplitter.
The addition of a ?5-mm diameter, 200-mm focal length lens
placed at the field stop focuses this image at the telescope

focal plane. The placement of this lens at a detector image

point does not affect that image. An adjustable iris was

D — |
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3@& then placed at the telescope focal plane far control of the
igdh

w4

‘fﬁ tield of view. The +field stop and the iris provide the
14V limiting apertures for the entire system. The optical
‘e

:aﬁ system described here was verified by Harris [1984)] using a
ol

L

DY)

Tfﬂ computer-aided aoptical ray-tracing pragram.

th The optical lenses used in the design are made of
n'\i?‘i

:bﬁj commercial-grade optical glass and have no coatings. The

et beamsplitter and wedges are constructed of quartz and are
not coated. The primary and secondary telescope mirrors are

. aluminized reflection surfaces with a SiO2 coating.

Instrument Hausing

‘,i:'
7#ﬁ The interferometer-spectrometer with its associated
t.:;; \?
F”‘ aptical and telescope systems was placed in a 30-inch
f;@ diameter, 45-inch tall, round container. The interferometer
249
2%€‘ placed in the instrument housing is shown in Figure 2-8.
%)
i

j The telescope attached to the container is shown in Figure
IR N

@h 2-9. The large container size was chosen to support the
(‘l’l'

)

13“ telescope in a stable manner. The base of the package was
z.i Q'

)

el mounted upon a rotating stand which provides the ability to
%

}2§ move the telescope in azimuth. The rotating base has
)

Ry

ia& attached three large pneumatic tires far system mobility and
B/

¥

J three leveling screws to stabilize the interferometer for
T
g?q operation. The telescope is mounted to the side of the
‘et
“l .'.

gﬁ% container with a 10-inch diameter ball-bearing allowing the

telescope to be rotated in elevation. The two rotating

o
M§; joints provide the telescopy with complete pointing ¢freedom.
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The specifications of

are given in Table 2-1.

TABLE 2-1. Summary
specifications.

Throughput . . . . . . . .
Scan period (minimum) - .
Collector diameter . . . .
Field of view (full angle)
Spectral range . . . . . .
Spectral resolutian « o .
Detector type « s 4 e e
Detector NEP . . . . . . .
Dynamic range e e e s s =

System sensitivity . . . .

q1

the instrument with the telescaope

of interferometer-spectrometer

* e e e e = e » e e o 0.28 cmzsr
e e« e o s e . 1 scan/ 30 seconds
e« ¢+ e & e 2 s = e s e« & <« 350.8 cm
©+ s 4 s e+ s s« e « « o« 0.8 degrees
e ¢ s+ e+ e « e a s .« 0.8 to 1.6 pm
e s e e e e e e s e e e 2 c:m_1
e ¢ o s o 2 o Intrinsic germanium
. 1.1 x 10 watts/Thz at 1.5 gm

e« e & a2 e s e s = « a2 s« « . 80 dB

c e 2 e« & « = 16 R/cm-‘l at 1.5 am
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Figure 2-3. Interferaometer placed inside housing.
Figure 2-9, Interferometer system equippsd with ZO-inch
diamete:r telescape. The isocon camera is also mounted on

the teleccope.
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e CHAPTER III

o MEASUREMENT THEORY
) The Interferogram

T The electronic signal from the interferometer detector
is a low-frequency time-continuous signal called an
.8 interferogram. The interferogram is a scaled analog of the
@‘ incoming light frequency. Using the approach of Loewenstein
(19211, and referring to the layout of a Michelson
W& interferometer in Figure 1-1, the interferogram signal is of

. the form
o £+ = ve . (3.1)

N2 where
o ¢ = input light wavenumber in cm_ ’
o v = rate af change af effective path difference in
ool cm/second,

¥+ = scaled frequency output of interferometer (the
! interferogram) in Hz.
ﬁ; The detector used in this study is sensitive in the region
—- from 12300 to 6250 cm—1 (A = 0.8 to 1.6 um). The scan rate

K for the interferometer was set at 30 seconds} therefore, the

) input light frequency was scaled to audio frequencies of

less than 200 Hz.
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ek The light power reaching the detector in an ideal

interferometer is [Loewenstein 19711

’ .2
o Pior = 2A (l+cos 2u0x) , (3.2)

where

>
"

amplitude of on-axis monochromatic point source,

x
]

effective path difference in cm.
In the Loewenstein model, the single line of Equation 3.2 is
X replaced by an input power density sgpectrum of the form
3‘ A2=B(o). Making this substitution in Equation 3.2,

neglecting the constant (dc) part, and integrating over ¢
%h produces
%
4
.
4t et I(x) = ZIB(G) cos(2n0x) a¢ . (3.3)
Q

where I(x) is defined as the interferogram. The desired
information B{(0) (the input spectrum) is obtained by taking
55%- the inverse Fourier transfaorm of I(x). The signal produced
L) . :
“Vf by the interterometer is referred to as a "double-sided” or
"symmetric” interferogram. An example of a double-sided
~§}: interferogram is shown in Figure 3-1j note that the same
dﬁﬁ information is available on both sides of the large center
li".

AR which occurs at zero path difference. The interferometer
he slide is moved an equal distance on each side of the aoptical
ék‘ zero path difference to create a symmetrical signal.

Since the interferogram I(x) in Equatiaon 3.3 is

’J?: symmetric, the spectrum B(G) may be obtained using a simple
]

R

I 8
*9.

&
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o 1000 2000 3000 4000 5000 6000
SAMPLE NUMBER

Figure 3-1 Typical "double sided" interferogram.

cosine transform of the form

™
B(g) = I I(x) cos(2u0x) dx . (3.49)

e

The power spectral density is computed with a digital
computer using a Fast Fourier Transform (FFT). The FFT used
to process the date far this study was developed by Ware
[19801. The digitized interferogram was produced using a 12
bit analog to digital converter on the detector amplifier
output and enough samples were taken to perform a 146,384-
point transform. The implementation of the FFT is beyond
the scope of this paper but that used in Fourier transform
spectroscopy was adapted by Forman [1966] from the radar
signal processing work of Thomas Stockham, then at MIT
Lincoln Laboratory, The FFT is explained extensively by
Brigham (1974].

The computation of the FFT requires that the
interferaogram be sampled at uniform increments of path

difference. Ideally, the laser reference channel should be

a short wavelength laser beam which passes through the
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inter#erometgr aptical train as does the signal. Otherwise,
the reference beam may experience different motion stability
than the signal beam, due to nonidentical geometry.
However, for simplicity, a8 separate laser (@ = 6328 R)
interferometer channel was used and provides the uniform
sampling function signal. The laser channel signal is
divided to aobtain a sample rate of 650 Hz. The
interferogram is digitized at a free running rate ot 30 kHz.
The values taken between laser channel zero crossings are
then averaged and stored as the data point for the slide
position corresponding halfway between adjacent laser
crossings. This over-sampling method will, according to
Ware (19801, minimize the system noise gain as well as
minimize the effects of slide velocity variations in the

sampled data.

Calibration Source

The determination of relative OH spectral line strengths
is sufficient to compute rotational temper atures. Since
this is a major interest in this study, a calibration

technique to produce a relative instrument response was

develaoped. The absolute calibration of an interferometer-
spectrometer is an intricate process; details of the
approach are outlined by Wyatt [19781. Ware {19801

performed an interferometer wavenumber response calibration
as a function of optical alignment. He found that the

relative response must be reestabl ished each time the
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b8
instrument is realigned at the time of data collection
" because the instrument would only remain in acceptable

o alignment faor about 2 hours..

aha A relative instrument response was obtained by causing
;;w

»
§§$. the interferometer to view a calibration source composed of
oo a tungsten bulb illuminating a pair o©of ground glass
'.0'\(
ﬁ% diffusion screens (see Figure 3-2). The intensity of the
&
ﬁk! illumination was controlled by placing a plate with a small

e 3-mm aperture between the bulb and the diffusion screens.
) The second screen was then imaged by a projector lens onto a

RN 24-inch diameter ground glass viewing screen placed ten feet

(3% away. The net brightness of the source was adjusted so the
s

¢' 'f

?*; calibration source intensity as viewed by the interferometer

% .

Tk was approximately that of the night sky. The calibration

iﬁ” source assembly was mounted inside of a 24-inch diameter,

(4.

',

gﬁ 10-foat long tube. The viewing screen was sufficiently

';‘I'

"‘.P!

large to completely fill the interferometer field of view,

thus providing a diffuse socurce.

N The long length (3.0 meters) of the calibration source
o=
b oFy
L
et was chosen to ensure that the illumination on the viewing
ﬁ; sCreen was uniform across the entire surface viewed by the
‘:‘f::
()]
'ﬁg interferometer. The quality of the calibration source was
Ilr’l.

o

- calculated using the geaometry described above and assuming
5& the tungsten bulb was a blackbody source with correction for
\::°t‘
{é: the emissivity of tungsten.

Yo Uy O IR ] "
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VIEWING SCREEN
/

BULB
APERT URE\

24" LENS —,
| OLEN_
K I} >
Figure 3-2. Interferometer Calibration Source.

Instrument Response

A relative instrument response was aobtained each time
the instrument was realigned during the data taking process.
The calibration alignment process was repeated about every 2
hours. The interferograms obtained from the instrument when
observing the calibration source were transformed using the
same FFT and apodization {(discussed later in this chapter)
routines as were used far the airglow data signal processing
described above. The calibration source spectral or
"blackbody" curves were then averaged together (from S to 10
frames) to minimize noise and irregularities.

The tungsten bulb in the calibration source has a
blackbody equivalent temperature of 2370 *K when operated at
the specified current (72350 mA), according to Gilway
Technical Lamp (19821, its manufacturer. The Plank equation
can be used to calculate the spectral sterance L_(A) in

B

watts/meter, for the assumed blackbody radiation source as,

shown by Wyatt (197813
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2
L_(x) = 20¢ , (3.5)
B 2SO Clexp 25—y - 13
P xT

where
-34
h = 6.6262 x 10 (Js) (Plank’'s constant) (Wyatt 19781,
c = 2.9979 x 10e (m/s) (speed of light) ([(Wyatt 19781,
A = wavelength (m),

£ = 1.3806 x 10 2

(J/7°*K) (Boltzmann's constant)
fWyatt 19781,

T = abzsolute temperature (*K),

The {interferometer detector measures energy coming from
the interference of two 1light rays of the same optical
frequencys and the germanium detector operates in a photon
sensitive mode. As a consequence, in the analysis it is
desirable to manipulate Plank’'s equation into terms of

wavenumber and quanta (photons). The relationship between

sterance and photon sterance is
Lp = L_AN/(hc) . (3.6

B

Noting the relationship between wavenumber and wavelength

and that Equation 3.5 is a density function
g = 1/ , (3.7)
ag = - 1/X dX . (3.8)

Using Equations 3.7 and 3.8 and converting from meters to

centimeters, Plank's equation can now be shown Iin terms of

-2 -1 -1 -1
photons cm sr sec cm or




S0

L () = 2c0 ) (3.9
(exp

The photan sterance for the 2370°K tungsten bulb
calibration source was calculated using Equation 3.9 and
corrected for the emissivity of tungsten using data +from
Weast (192771, The averaged blackbody spectrum taken by
viewing the calibration source, was then divided by the
photon sterance. The resulting curve was normalized to its
peak value and constitutes the relative instrument response
used in the rotational temperature calculation model
developed in Chapter IV. The values for the instrument
response curve are shown as part of Tables 4-1, 4-2, 4-3,

and 4-4,.
Phase Correction

The spectrum computed from an interferogram using the
selected FFT is algebraically complex (contains both real
and imaginary parts) (Ware 19801]. The incoming signal
contains no inherent phase information§{ therefore, any phase
angle computed during the FFT process is an artifact o¢ the
system. A nonzero phase relationship is caused by two main
factors. First, phase shifts occur in optically-compensated
interferometers because the optical beamsplitter, wedges,
and lenses are not strictly wuniform as a function o¢

wavenumber, Second, a linear phase shift occurs during the

sampling of the interferogram for FFT processing, when the
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zera path difference point is not centered in the signal
time window.

The amplitude of the measured spectrum could be obtained
by the magnitude aoperation (square root of the sum of the
squares of the real and imaginary parts). However, this
aoperation always yields positive noise caomponents,
increasing the noise by {2, This increase in noise is
especially harmful when several frames of data are signal
averaged (coadded) to help identify low weak features in the
airglow emission spectrum. The sampling phase shift error
may also vary from frame to frame. Consequently, a method
of phase correction based upon the data within each frame
must be used.

The phase characteristics of each data frame could be
obtained by Fourier transforming a small data set around the
“center"” of the interferaogram. This process would yield a
very low resolutiaon spectrum from which the slowly varying
phase information could be easily extracted. However, this
truncatiaon and transform procese is the same as convolving
the original spectrum with the Fourier transform of the
truncating function. As described by WVWare (19803, this
convolution is merely a digital $+ilter operating in the
frequency/phase domain. Hamming (1977] showed that for a
given filter width the minimum noise gain i{s obtained when
the canvolving function is rectangular in shape. The phase

characteristics are not related to the incoming signal in

any way so the rectangular 4tltering process may be
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repeated as many times as necessary to i1dentify and remove
the phase anomalies from the computed spectrum. When the
filtering process is camplete, the remaining “"real” part of
the transform is used as the measured spectrum (power
spectral density function).

The spectral frames were phase corrected with convolving
filter windows of 3, S, 9, 17, and 65 sample point widths in
a repetitive manner. Figure 3-3 shows an instrument
uncorrected blackbody curve both before and after phase
correction, and Figure 3-4 shows the same information for a
spectral frame. Examination of Figures 3-3 and 3I-4 show
that the imaginary portion of the power spectral density
(caused by chromatic variations within the instrument
optics) has been eliminated by the phase correction

algorithm.

Apodization and Interpolation

The calculation of OH airglow rotational temperatures
was a major 9oal of this study. The calculation of
temperature requires the extraction of relative spectral
line intensities <from the transform of the interferogram.
The relative instrument response and phase correction steps
described abave are maodifiers in signal processing the line
intensities.

The shape of an individual spectral line is of interest

because the shape will affect how the a best estimate of the

line emission intensity is extracted from the data. Due to

v T RSN
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e (a.) Real Imaginary

S (b.) Real Imaginary
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Figure 3-3. Real and imaginary parts of a blackbody curve
(a.) before and (b.) after phase correction.
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(a.) Real Imaginary

R
e Tt e e

PR A
2w T e

J.IJL.JJJJ/;[J,Lll!ll}-.LLL____..JH’«JXJ;&LJLUJMUJ,, U PPN [ PV P

L (b.) Real Imaginary

,
]
3
¥
L .

2

-

.' I ll J-LLL_—»WJIJ&LALMMM leH ke A

Figure 3-4. Real and imaginary parts of a spectral curve
?' (a.) before and (b.) after phase correction.
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the discrete nature of the transitions of the excited OH
molecule, the spectral lines entering the interferometer are
discrete in shape except +for a small finite width due to
Doppler and collisional broadening plus "time windowing® of
each photon source. The numerical computation of an FFT
requires that the sampling be limited in length. The
truncation or multiplication of the interferogram by a
rectangular “window"” in the ¢time domain is the same as
+requency domain canvolution of the discrete spectral
frequencies with the Fourier transform of the rectangular
Wwindow function. The Fourier transform of the rectangular
window 1is a (sin x)/x or “sinc" function. This
characteristic spectral line shape is referred to as an
"instrument function.* The high side lobe behavior of the
sinc function (largest side labe -13 dB down in amplitude)
causes the various lines in the spectrum to interact or mesh
together. Therefare, it is desirable ta establish a
technique to suppress the sinc function behavior and force
the signal component into as much of a discrete line shape
as possible.

The process of suppressing the sinc function side lobes
is called apodization. The apodization of the spectral

. information can be accomplished either in the interferogram

domain by multiplying the interferogram with another window !

N
% |

:& then performing the FFT, or by convolving the transform of

£

W

R the window with the transformed interferogram. The
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3 i.’..
.ﬂﬁ convolution of the spectral data with the transform of the
A
[ 4

" chosen window is the method used for this study.

i Numerous apodization +unctions have been tried for use
KAL)

RN

BOX) .

ﬁﬂi with Fourier transform spectroscopy. In choosing an
A}

S

S

Qf apadizing functian the trade-of+ is among instrument
jp? function width (resolution), side lobe attenuation, and
Wt

sl

ﬁ% computational efficiency. Norton and Beer (197681 computed
]

Rt over 1100 different apodization windows and lotted each as

]

i&“ a function of central peak width versus height of maximum
LN

L
sdt
‘%m side lobe. Their study indicated an optimal boundary
ity
AN
'fr existed between the two plotted parameters. Figure 3-S5
~¥$ shows the Norton and Beers limit with some specific
)

OCX)
R
?“ functions also shown. Vagin (19801 independently computed

Pyl
.%& . _

" over 3000 functions and also showed that this boundary
ﬁ‘: exists. However, he went on to analytically show that for a
ﬁd’ chosen characteristic (either side lobe suppression or
l’y?‘ .

K

’; resolution) an optimal apodization function can be computed.
. VV Y
;A& Harris (1978] presents an excellent analysis of many of
Aﬂf

\J
t%@ these apadization functions and shows the trade-ofts
o
b2l
i associated with each. Nuttall (1981) shows some corrections
o gt
ﬁw to Harris’'s work and presents additional functions +for
LX)

b consideration.

LR Ay

L@i

g The present interferometer’s full-width half-maximum
ol . . -1

sgs (FWHM) instrument function is 1.8 cm . The OH spectrum in
;;;‘n

w,' the i1-pm wavelength region has line separations on the order

~1
of 10 cm . This occurrence renders the prime consideration

ﬁM' in the choice of an apodization function as one of side lobe
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attenuation and ease of computation, rather than maximum
resolution.

As can be seen from Figure 3I-5 the Hamming window
(sometimes referred to as the "minimum 2-point* window) is
located on the optimal boundary. This function is
comparatively simple to compute because it contains only two
terms and provides side lobe attenuation of -43 dB (a 20 dB
improvement over that provided by the sinc function). The
additional side lobe attenuation is sufficient because the
data collected for this study have signal-to-noise ratios of
about 100, thus placing the side lobe behavior below the
noise level. The Hamming window yields 9goad spectral
resolution by providing a FWHM central lobe of 2.7 <:m—1
which is sufficient to identify the OH spectral
characteristics. This window also has an asymptotic side
lobe roll-off of 6 dB per octave [Harris 19781.

The Hamming convolution function takes the form

k=+6

I = T 1 [ 0.53836 sinclinc(kage) ]
Go [
k=-6
+ 0.46164 [sincinlc(kage)+1l1)+sincinlc(kade)-11}]
2
s (3.10)
where
AC = 0-0a,
k = counter f0or integer sample numbers centered at

transform point nearest 0,,
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- -1

ol o = wavenumber at integer sample in cm ’

r Co = wavenumber at point where intensity is being

fh -1

‘g computed in cm ’

ey 1 = intensity of transformed data at integer transform

wavenumber ¢,

aﬁJ I = intensity ot apodized data at wavenumnber ¢,,

B c = number of sample points per wavenumber.
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Figure 3-5. Optimal apodization functions, showing
LRV resolution vs. side lobe attenuation [Espy 19841},
it The discrete spectral data points computed by the FFT
-1
occurred at 1.5-cm intervals; therefore, as can be seen
:?N from Equation 3.10, the canvolutian caomputation was summed

‘w: over * 4 sample numbers. Examination of Equation 3.10 shows
[}

that this equation, in addition to suppressing side lobes,

“*S can be used to interpolate spectral values between the
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discrete computed points of the FFT. Figure 3-6 shows the
Hamming instrument function compared with the “square
window* sinc function and also the common “triangle window"”
sinc2 function. All three functions have been normalized to

their respective peak values at 1000 for comparison.

AMPLITUDE

NORMALIZED

996 998 1000 1082 1004
SAMPLE NUMBER

Figure 3-64. Comparison of normalized instrument functions:
sinc(—), sinc (- -), and Hamming(r«+) (Espy 19841,

Line Amplitude Extraction

The interferograms were recorded in “"raw"” form on analog
tape during the measurement campaigns. The analog tapes
we; ater played back, digitized, formatted by computer and
stored on digital tape. The digitized interferograms were

then submitted to the FFT signal processing routine. The

power spectral density information generated by the FFT 4or

0
. i
: -‘t_*'i‘Z

W




60
each interferogram was alsc stored on digital tape for later
processing.

The information of interest within each spectral frame,
needed for rotational temperature calculations, was the
intensi1ty o+t a few specitic OH spectral lines (the
temperature model is explained in Chapter 1IV). In order to
identi ¢y the spectral features of interest, each of the
transformed frames of data was plotted on paper using an x-y
recorder and a simple computer routine which performed a
straight line connect between each of the discrete points
computed by the FFT. Each of the plotted frames was
examined manually, and the lines of interest were
identified by FFT sample number. The lines selected were
bright lines within each OH band which were far enouqh apart
as to not be contaminated by other features and situated at
wavelengths of minimal atmospheric absorption by H_O and

2

COz. Examination of the plots showed that the position of
each line never varied from frame to frame more than *1 FFT
sample number. The selected FFT sample point was then
recorded as the initial position ot each of the spectral
lines of interest.

The extraction of spectral line intensities was
accomplished using the Hamming apodization function to
interpolate between the discrete FFT data points. Allowing
for additional] errar i1n the chosen position of each line,

the interpolation routine was operated in a sample number

window ¢3 data points around trhat manually chosen line

) . AR L " " D) L )
ORGSR Rt N DN NI X N MO X X)
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M position. The line intensity was then computed at 0.0!
f sample number increments (0.01S5S cm—1 increments) over the
data point window using the Hamming function. The routine
saved the maximum value found within the sample window as

the line amplitude for that spectral feature.

et The instrument calibration +function and the correct
3

?3 spectral line amplitudes could now be used in the
.’

4

hJ

W temperature model +tor extraction of OH rotational

temperatures as a function of each interferometer scan.
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CHAPTER 1V

OH ROTATIONAL TEMPERATURE MODELING
Introduction

Hydroxyl is a minor atmospheric constituent, residing
in a thin layer (about 7 km thick) at an altitude near 87 km
[Baker et al. 19851. Although minor in concentration
(between 104 and 106 molecules/cm3 at night, Baker [19781)
it is the major atmospheric near-infrared airglow radiator
at night. The radiation generated by OH occurs in spectral
bands known as the Meinel bands, since their discaovery and
identification by Meinel (19501]. After their discovery, the
measurement of these bands has been of great interest to the
atmospheric science community. OH airglow emission band
measurements cantain information about mesaspheric
populations and temperatures, and as such provide insight
into the dynamics of the entire middle atmospheric region.
A rotational-temperature model is developed in this chapter
similar to the technique used by Hill et al. [197%]. The
field measurements are then fit to the model in a least-
sQquares sense. The quality of the fit will also determine

error bounds on both relative band intensity and absolute

rotational temperature.
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The Excited OH Radical

The hydroxyl radical is a diatomic heteronuclear
molecule and has a nonzero electric dipole moment. The
molecule, therefore, has the ability to be easily excited
and radiate electromagnetic radiation. The OH Meinel
radiation bands in the infrared are caused by wvibration-
rotation transitions within the ground electronic state of
the OH molecule. (The electronic absorption and emission
spectra of OH occur in the ultraviolet.)

Hydration o+ ozone and perhydroxyl reduction are the
primary processes for the creation of vibrationally-excited
OH in the earth's upper atmosphere [Baker 19781. The
vibrationally-excited states of OH are quantized and are
populated according to certain dipole selection rules
described by Hertzberg (19711. The quantum numbers
associated with the vibrationally-excited states take on
values v = 0,1,2,3,...,9 and the allowed transitional

changes during emission are

v!-v'' = av = 1,2,3, ...,9? ’ (4.1)

where v' is the upper-state energy level and v'' is the
lower-state energy level. The Meinel radiation bands are
known by the value of av associated with the transition.
The band sequences measured in this study are av=2 (4,2 and
3,1) and Av=3 (8,35 and 7,4) transitions since they have

energy differences in the near-intrared region. A typical

measured spectrum is shown in Figure 4-1.
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OH{a-2) O (3-1) , OB %) o7 a)
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Figure 4-1. Measured OH spectra showing (4,2), (3,1),
(8,5), and (7,4) Meinel bands.

Each band sequence shown in Figure 4-1 is a complex
group of spectral lines. The complexity is due to
transitions in molecular rotational energy in addition to
the changes in vibrational levels. These angular momentum
changes modulate the vibrational transitions causing the
intricate spectral structure. Appendi x A includes

additional information on OH radical transition theory.
Rotational Temperature Model

In extracting temperatures ¢from OH spectral data it is
assumed that the OH molecular population is {n rotational-

state thermal equilibrium. The population distribution over

the diféerent quantum numbers can then be described by the
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Maxwel]l-Boltzmann distribution law (Baker 19781,

Novge = €%y, @xP(-E o /4T ' t4.2)
vwhere

Nv'J' number of molecules in vibrational level V! and
rotational level J* at temperature T,

wJ' = 2J'+1 or the statistical weight of state J' with 3
its (23J'+1)-f0ld degeneracy,.

Cv. = a constant, equal to Nv'/Gr where Qr is the
partition function for rotational level v,

Ev'J' = energ9gy of the rotational state, and equal to
FV'(J')hc, where FV'(J') is the term value {for
the upper-rotational state,

* = Boltzmann’'s constant.

The volume emission rate in photons sec-l cm_3 of a

central line is given by Mies [1974] as
Iv'J',v"J" = Nv'J' Av'J',v"J" ’ 4.3
where

I = {ntensity of emission from vupper-state

vttt vt
v'J]' to lower-state v''J'',
Av'J',v"J" = Einstein transition probability o+
spontaneous emission from state v'J' to
state v''J'*,
Inserting Equation 4.2 into Equation 4.3 gives the volume

emission rate of each rotational line arising +4rom a

transition from an upper-state v'J' to a lower-state v''J'"',
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Tovan urvgee = Cu0 Wou ALige yrrgey EXPLTE L /4T) o (4.4)
The computation o¢f a rotational temperature from
Equatiaon 4.4 requires a value ¢for the absolute line
intensity 1 i however, the ratio of two relative

V'J',V"J"

line intensities can be taken and a temperature computed
(Ware 1980) without the need for precise absolute spectral
radiance values. However, the ratio technique proves to be
a nanlinear (logarithmic) process and when several line pair
temperatures within a band are calculated, the averaging of
the pair temperatures to obtain a true band temperature is
difficult, The line intensities are extracted +from data
whose noise characteristics are spectrally +flat (white
noise) and gaussian distributed [Ware 1980). The difficulty
comes about in the nonlinear temperature computation because
the uncertainty of the calculation is not simply a linear
extension of the input data uncertainty,. The combining o+f
the line pair temperatures, therefore, cannot be computed
using traditional averaging techniques.

A model of the Boltzmann distributed data was developed
to eliminate the problems described abaove. The model would
describe all the lines that could occur within a band and
then be fitted to the measured data using a least-squares

technique. The mathematical model is

A Ri !1 oxp(-FiB )
M (A ) L L .
i RgrB T (1 exp(-F B )] ’ (4.3)
[ ]

3
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where

M = the value of the model at wavenumber i,

A = relative total integrated band intensity,

1 & A(2J'+1) = 638, which is the Einstein coefficient
times the J¢ state degeneracy or the wavenumber
cubed times the line strength,

B = Ahc/4T, where T is rotational temperature in °K,

F, = term value for upper-state transition,

R, = relative instrument response at wavenumber i,

L = gummation over all lines within the band, is a
scaling <factor to ensure the entire band intensity

is contained within the A term.
°

The model shown above is similar tao the intensity

calculation shown in Equation 4.8S5. The diffcrence is that
the model pertains to an entire band of transitions and is
modified by Ri to appear like the measured data. All
quantities within the model are now known except the band
intensity A., and the temperature term B.. Within each OH
band, the measured data points can be subtracted +rom the
model at the same wavenumber and any differences will be
contained within small changes of A. and B' times the

derivative of the model at points A and B .
] ]

[ aMi(A »B ) ] [ aMi(A B ) ]
0 U 0 .
- —_—— + ———— (9,
D‘ Mi - AA. Y AB. 7B ' 94.6)
] []
where D is the measured data point. Equation 4.6 can be

i

shown for (j) data points within a band in matrix form as
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- M M
(D - M) ( ) ) AA
1 t dA dB ]
. Lo e aB
. = . . o . (a.7)
OMJ aM .
J
(D - M) ( Y «( )
| J J J | aA° 3B° J

where the left matrix is the difference between each
measured line intensity within a band and the line intensity
as predicted by the model. The right hand side of Equation
4.7 must be equal to the preceding difference.

The computation of Equation 4.7 requires the solution

for each of the derivatives

BMi R. |i exp(~-F, B )
= 2 LI . (4.8)
A N
¢
and,
aM A. R t exp(-F . B )
i i i i 1 e
= - ) - NF
7B 5 [ (L (1 F exp(-F B ) ‘] ,
0 N j
(4.9)
where N = § l_exp(—FjB.) or the normalization factor. All
J

the terms in Equation 4.7 are computed and submitted to a

least-squares +fitting routine, developed by Lawson and

Hanson (1974] which returns the values of AA and 4B . The
. ]

least-squares routine is used to salve problems of the form

Ax = B , (4.10)
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where

A = the derivative matrix of Equation 4.7,

x = the unknown or & matrix,

B = the difference matrix.

To begin the process a starting temperature was chosen
and all terms computed. The result of this first fit is to
determine an appropriate initial value for A° (A. is merely
a relative intensity term). Once the initial values for B.
and A. were ascertained, the least-square +fitting routine
was operated in a loop, the derivative matrix vectors were
each scaled to wunity value before submission to insure
convergence of the +fit, and each time the routine would
return values for AA° and AB.. The a4 values were added to
the previous values for A. and B., the model values
recomputed and resubmitted to the routine. The value of AB.
was tested after each iteration until the temperature change
(temperature is part o¢ B.) from the previous ¢it was less
than 0.5° K. When the least-squares routine converged to
the 0.5 *K limit the values faor A. (relative band intensity)
and T (the temperature part of B.) were stored along with
the time and date of the frame.

The constant terms used in the model were computed by
Espy (1984] using the molecular constants measured by Coxan
and Foster [(1982] and OH dipole moments derived by Werner et

al. (1963). The values 0of these terms are given 1n Tables

4-1 through 4-4. The tables show the wavenumber, a typical

relative instrument response, the term value ¢or the upper -




TABLE 4-1.

Molecular data for OH Av=2,

(4,2)
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band.

Line Wavenumber Relative Term Value Line Strength
(cm-1) Response (cm-1t)

Py (4)% 6159.634 0.147 13421.921 0.23415100E+13
P: (4)% 6174.994 0.166 13514.125 0.198663726E+13
Py (3)% 6200.353 0.1%99 13320.758 0.16226162E+13
P: (3)% 6219.070 0.224 13428.966 0.13226441E+13
Py (2)% 6238.114 0.247 13248.923 0.880802&80E+12
P: (2)% 6260.766 0.275 13377.615 0.70291000E+12
a (3) 6301.3517 0.326 13421.922 0.235067365E+12
ey (2) 6309.948 0.336 13320.758 0.714935030E+12
ay (1) 6315.828 0. 344 13248.923 0.11681950E+13
Ry (1) 6368.381 0.411 13428.966 0.603586570E+12
Ry (1) 6387.661 0.440 13320.758 0.74062940E+12
Ry (2) 6411.1142 0.473 13421.921 0.12600000E+13
(¥ lines used in fit).

TABLE 4-2. Molecular data for OH av=2, (3,1) band.
Line Wavenumber Relative Term Value Line Strength
(cm-1) Response (cm-1)
P (49)% 6480.230 0.372 10352.446 0.27218330E+13
P (4)% 6495.579 0.593 10443.293 0.228193520E+13
Py (3% 6322.332 0.626 102472.071 0.18861134E+13
Py (3)% 6341.239 0.630 10354. 206 0.13330037E+13
P (2)% 6561.409 0.679 10122.300 0.10240617E+13
Py (2)% 6584.562 0.712 10300.410 0.81366820E+12
¢ (3) 6627.706 0.770 103352.446 0.57940270E+12
&y (2) 6636.171 0.782 10247.071% 0.82784%900E+12
a; (1) 6642.081 0.789 10172.300 0.133356844E+13
Rp (1) 6697.063 0.867 10334.206 0.3319695S5E+12
Ry (1) 6716.853 0.892 10247.071 0.86348040E+12
Ry (2) 6741.333 0.931 10352.446 0.147033511E+13
(# lines used {in fit)




TABLE 4-3.

Maolecular data for OH aAv=3,

(8,5)
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band.

Line Wavenumber Relative Term Value Line Strength
(cm-1%) Response tcm-1t)

P (3) 7355.13535 1.000 24163.096 0.34607000E+13
P (5) 7369.641% 0.99?7 24248.912 0.471947410E+13
Py (4) 7600.862 0.992 24055.028 0.41913920E+12
Ps (4) 7617.468 0.9%0 24152.792 0.35340530E+13
Py (3)% 27642.343 0.984 23971.237 0.292013550E+13
P (3) % 27661.252 0.9835 24083. 736 0.23944700E+13
P, (2)Y% 7679.631 0.978 23%911.382 0.15952644E+13
P: (2)% 7700.808 0.972 24042.113 0.128460350E+13
Q (3) 727226.136 0.960 24055.028 0.952635240€E+12
a (2) 7739.286 0.932 23971.2327 0.134441%4E+13
Q (1) 7748.511 0.945 23911.3582 0.21738030E+13
Rp (1) 7791.408 0.900 24803. 736 0.11463823E+1 X
Ry (1) 7808. 166 0.874 23971.237 0.13900488E+12
Ry (2) 7823.076 0.857 240%55.028 0.23899920E+ 13

(¥ lines used in fit)

TABLE 4-4.

Molecular data for av=3,

(7,4)

band.

Line Wavenumber Relative Term Value Line Strength
(cm-1) Response (cm-1)

P (S)% 8049.708 0.786 21763.099 0.66072740E+13
P (S)%* 8064.112 0.779 21847, 340 0.56979800E+13
P (4)% B8096.397 0.76S 21649.,.131 0.40669700E+13
P (4)% B8113.112 0.734 21745.319 0.42663I300E+13
Py (3)% 8138.903 0.740 21%60.824 0.35302450E+13
P (3)% 8138.204 0.723 21672.328 0.28898620E+13
P .(2)% 8177.237 0.711 21497,.994 0.19277462E+13
Pe (2)% 8199.208 0.696 21628, 204 0.1%5491604E+13
a (3) 8227.210 0. 680 21649.131 0.11407934E+13
@ (2)% 8240.067 0.672 21%560.824 0.16141494E+13
Q@ (1)% 8249.071 0.668 21497.994 0.261719Q0E+13
Re (1) % 8294.714 0.646 21672.328 0.13787860E+13
Ry (1)#% 8311.901 0.642 21560.824 0.16761780E+13
Ry (2)% 8328.374 0.635 21649.131 0.28788900E+13
(% lines used in f1it)
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state transi1ti1on, and the theoretical line strength for each
lire. The wa.enumber shown 1S the average of the two A-
doubled lines; the *term value is also the average of the two
lines, andad the line strength given is the sum of the two
line strenaths. The sum o+ the line strengths was used
tec ause the measur ed line 1s actually the sum of the A-
doubled pair., Data 40or all the strong lines are listed for
use in the normalization factor of the model but only those
with "#° were used 1n the fit. The reason all were not used
1n the $1t was that many were determined to have been
contaminated . water vapor absorption or by aother emission

li1nes [Ro,chourdhur, 19831].

Error Analysis and Testing of Model

The model used here is over-determined with only two
unlkknowns and at least four equations (in (8,5) band fit,
maore 1n other bands) and as such, the additional information
can be used to estimate the accuracy of the least-squares
fit. Examination o+ Equatians 4.7 and 4.10 show that when
the fitting routine is complete, the derivative matrix A is
lef t as a 2X2 upper-triangulated matrix. The rest of the
terms in the A matrix are of little significance because the
least-squares routine has manipulated the data into the

upper-triangulated portion in order to solve the equations.

The upper-triangulated matrix now takes on the farm
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r r
R - ol'l r"z . (a.11)
2,2
where
R = upper-triangulated coetticients returned in the

derivative matrix A.

Upon completion of the fitting routine, the values left
in the matrix x must be equal to zero, except for noi1se in
the 4it, and the upper two values in the vector B must also
be equal to zero, also except 4or noise, because the system
o4 equations has been solved. But because noise does exist
in the ¢1it then some residual remains. Therefore, the

equation system is left in the ftorm

R x =n . (4.12)

where n is the noise vector.

In order to calculate the accuracy ot the models®’ it to
the two system unknowns (temperature and band intensity) it
is necessary to obtain the covariance wmatrix which contains
the variance of each parameter in the least-squares fit. It
can now be shown by manipulation o¢ Equation 4.12 that the

covariance matrix is [Lawson and Hanson 19741

— T
<x xT) = R <n nT> R » (4.13)
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covariance matrix,

R = jnverse of R,

T indicates the transpose operation,

<n nT> = the variance of white uncorrelated noise.
The noise in the system it is assumed to be white and
uncorrelated because all the mathematical manipulations
performed were linear in npature.

A measure of the noise in the system is returned by the
least-squares fitting routine. The returned parameter is
the Euclidean norm of the residual vector and is called

norm’ The variance of the system fit can be computed from

norm

¢ = (Rnarm )Y/ (M-K) ’ (4.14)

where
2
¢ = variance of fit,
M = number o+ equations in the fit,
K = number of unknowns in the fit.
The covariance matrix can be solved in terms of the variance

of the model's fit

<x xT> =06 I (R R ’ (4.13)

where I is the {dentity matrix.
The standard deviation for each of the fit variables can

be computed from Equation 4.193 in terms of the original

variables of the residual matrix R and the variance 02.
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(r 2 +r 2) 2
o0 = 2,2 1’2 (62 2 , (4.16)
(1‘1'1 P2,2)
where OA is the standard deviation of the intensity

function.

The standard deviation on the variable B (temperature is

part of B) is
1
2 —_—
) 2
g = _— . (4.12)
B [ r 2 ]

Referring to Equation 4.3 for the relationship between
temperature T and the variable B, the standard deviation of

the temperature can be calculated

2
‘T = (Cahck)/(B. ) ’ (4.18)

where cT is the standard deviation of the temperature as
calculated by the model.

The model! presented herein provides a method +for
calculating relative band intensity, rotational temperature,
and the standard deviation on both parameters. Appendix D
presents the computer programs which implement the data
processing algorithms developed.

As verification of the quality of the model, the process
outlined was used to compute the intensity and temperature

ot synthetic spectra generated by Espy (1984). The signal-

to-noise ratio of the synthetic spectra was varied from a

low of 2 to a high of 20 and then each was submitted to the
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Figure 4-2. Model temperature test results on synthetic
spectra vs. signal-to-noise ratio with standard deviation
shown as bars [Espy 19841.

model for processing. Figures 4-2 and 4-3 show the results
of the test. As can be seen, the mean intensity and
temperature of the model closely track the actual parameters
even in very high-noise environments. The error bars shown
on both figures ({(ndicate a 1 sigma uncertainty associated
with the calculation, and as the noise increased, the
uncertainty of the calculation increased as expected. The
tests were conducted on a single frame of dataj therefore,
an improvement could be made by averaging frames at the cost

of temporal resolution degradation. The signal-to-noise

ratio of the measured data was usually about 100, which in




shown as bars (Espy 19841.

??
much higher than the signal-to-noise ratio of tre test
framest therefore, the uncertainty should continue to
decrease so0 the confidence in the model is very high.
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Figure 4-3. Model intensity test results on synthetic
spectra vs. signal-to-noise ratio with standard deviation
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CHAPTER V .

RESULTS

Intraduction

The high-throughput, narrow field of view
interferometer-spectrometer was taken ¢to several airglow
observatiaon sites in the western United States in the spring
ot 1983. Over several months of observation, one of the
brightest airglow structure events was seen and recorded on
June 15, 1983, thus ful¢illing the primary goal of this
study. The observation was made from Sacramento Peak, New
Mexico. The site is located at 105°48'16" west longitude,
32°47'57" north latitude at an elevation of 9370 feet. The
results presented in this chapter were taken from this site
between June 13 and June 135, 1983. A complete catalog o¢
the results computed +rom the interferometer data is

presented in Appendix C.

Background

The interferometer with an {mage-intensified infrared

isocon camera mounted on and coaligned with the
interferometer telescope (see Figure 2-9) was used to
collect data at the observation sites. A second Isocon

camera was mounted on its own tripod and was used to search

the skies +¢or indication of structure prior to moving the
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more bulky interferometer. The infrared cameras were
supplied by the University of Southampton, England. Taylor
(1983-84]1 operated the camera equipment and provided
experience and expertise in the search for airglow structure
events. The cameras were the "eyes" for the interferometer
in determining i+ any OH airglow structure was present.
Once an area of OH airglow structure was located in the sky
the camera-interferometer system was positioned to view that
area. The data fraom the two coaligned systems were used to
correlate the viewed and calculated intensities and
temperatures.

An infrared radiometer [Huppi 1976) was also wused to
gather trend and absolute intensity data of the OH activity,
The radiometer looked in the zenith and has a field of view
of 9°. The radiometer spectral bandpass was centered at

1.33 im wavelength.

Infrared Isocon Camera Results

The Isocon camera systems’ response 1is {in the near-
infrared +from about 2700 to 830 nm. The response curve and
the OH transitions which occur within this bandpass are
shown in Figure 1-3.

. Figure S-1 shows a video frame taken with the large,

G independently-mounted isocon camera at 8:15 hrs. UT on June
Y | 13, 1983. The ftield of view for the photo is 28° vertical
and 37°* horizontal at an azimuth of about 3I20° and the

battom o the picture beginning at 10° elevation.
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Examination of this frame shows 7 distinct bright OH
emission bands. The bands are moving northward in a
direction normal to the bands (moving towards 1lower right
hand corner of <frame). These structural bands extended
across the entire northern half of the sky. The structure
depicted in Figure 5-1 was observed and recorded beginning
at 7:30 hrs. UT continuing until 10:15 hrs. UT on this date.

Using the video recard, Taylor {1983-841 calculated the
apparent wavelength and velocity of the band structure, with
techniques described by Hapgood and Taylor [19821. Using
the location and altitude of the observation site, radius of
the earth, viewing angles of the camera, and assuming that
the band structure res‘ded oaon a spherical shell at an
constant altitude of 87 km, the apparent temporal wavelength
derived was 24%1 km, and the apparent period was 14%1
minutes. Based on these two values the apparent velocity is
28+2 meters/second which agrees closely with other similar
observations (Taylor et al. 19801].

The small isocon camera which was mounted on and
coaligned with the interferometer, was operated during the
same time frame as the large camera. The field of view of
the s=small camera is nearly square being 13* vertical by 15°
horizontal.

Figures 35-2 through 5-4 show a sequence of video frames
beginning at 7:32 hrs. UT and taken at 8 minute intervals

with the small camera. Each frame again shaws, in maore

detail, the OH emission structure. The "X" in each frame
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marks the center of the interferometer's +field of view
within the video frame. The interferometer’'s field of view
is 0.8* $ull +ield and, therefore, is about 0.4 inches in
diameter on each frame. This small field of view permits
the interferometer to resolve the bright and dark portions
of the structure. The interferometer is wviewing at an
elevation angle of 17* and an azimuth angle of 328° in the
sequence. The three photos show aone of the periods where
the interferometer was able to view a bright, a dark, and a
bright band in sequence as the structure moved through the
field of view.

Figures 5-5 and 5-6 show another similar sequence of
video +frames observed later in the night beginning at 8:31
hrs. UT at an interval of 11 minutes. This later series of
frames again shows the interferometer viewing a dark then a
bright emission band as the structure moves. The
interterometer was viewing at an elevation angle of 15.5°¢
and an azimuth angle of 340* in these last two figures.

Taylor [19683-84]1 caompared the bright and dark bands
recorded by the small isocon camera wWwith the OH (3,1) band
intensity plots computed using the {interferometer data
{shown later in Chapter V and in Appendix C). In the time
period from 7:30 ¢to 10:1S5S hrs. UT the two independent
records show that for each bright or dark band depicted in
the video data a corresponding increase or decrease |in

intensity is also shown in the interferometer data. This
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comparison showed 16 distinct points of correlation between

the video frames and the interferometer intensity plots.
Infrared Radiometer Data

The radiometer was used ¢to show trend and absolute
radiance values for the OH infrared activity as viewed
within a 9°* field of view in the 'zenith. Radiometer data
are 1included to show for the night before (June 14, 1983)
and the night o+ (June 15, 1983) the recorded structure, OH
airglow emission intensity exhibited some unusual trends and
modulations. Figure 5-7 shows the radiometer data for three
specific days and is calibrated in kilo-Rayleighs (kR) of
intensity of OH (3,1) band emission. The scale has been
shi¥ted to show the three days all on one chart.

Day 162 is a typical curve of near—-infrared OH activity
and was taken from White Sands Missile ﬁange (4300 feet
elevation) and located about 30 miles from the Sacramento
Peak site. As can be seen from the Day 162 curve, the
intensity of the 1.53 am radiation steadily decreases after
local sunset {sunset occurred about 3:30 hrs. UT) and
throughout the night.

The Day 165 radiometer curve, however, shows a markedly
different trend in the OH activity. The post-sunset
decrease starts, but at about two hours before local
midnight (or S:00 hrs. UT) the OH activity dramatically
increased. After the peak, the OH activity remains high but

also shows some modulation that could be interpreted as
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distinct large-scale wave structure passing overhead. The
period of these intensity waves ranges from 30 to 60 minutes
with a modulatian (or contrast ratio) of ¢rom 3 to 10
percent. The waves were not distinguishable in the zenith
with the infrared camera equipment because the zenith
emission intensity is too faint and their large size
exceeded the camera’s field of view. A camera was lowered
in elevation in a: attempt to view the waves (lower
elevations view the structure obliquely thus the waves
appear compressed together and brighter due to the van Rhijn
effect) but no structures were distinguishable by the camera
throughout the entire night.

The radiometer curve in Figure 35-7 {for day 166 also
shows enhanced OH activity. Although not as intense as the
previous night, a similar pre-midnight maximum is observed.
After the pre-midnight maximum, the decrease is slower than
normal and again some distinct wave structure is observed.
The structure has periods of about 2% minutes and
modulations in intensity of about 35 percent. Shortly after
local midnight (7:00 hrs. UT), the moon had set far enough
to lower the sensitive camera to the horizon to search +for
observable structure. The measurements gathered throughout
the remainder o+ the night with the cameras and
interferometer alsao exhibit high-contrast OH emission

structure.

DRSS N A ANT
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Direct Comparison of Interferometer

and Radiometer Intensities

Prior to moonset on UT days 165 and 166 the
interferometer was pointed to the zenith and was viewing the
sky coincident with the radiometer. Therefore a direct
comparison is made between the two records. Fiqure 5-8
shows the OH (3,1) band intensity from 3:30 ta 7:1% hrs. UT
on day 16895. The radiometer data were used to provide the

absolute calibratijion far the interferometer, but as the

figure shows the trends in the interferometer intensity
curve track the radiometer curve closely. The intensity
peak appears at about %:40 hrs. uT on this dav. The
standard deviation of the inter feraometer intensity

calculation is about 2% (the standard deviation curve is

included in Appendix C). The interferometer was realigned

at 6:30 hrs. UT. Just prior to realignment, the standard
deviation of the intensity increased. Atter alignment the
intensity appeared to have increased, These observatltions

make the rapid intensity decline at 6:00 hrs. UT suspect, as
an instrument alignment drift problemn.

Figure 35-9 presents the interferometer OH (3,1) band
intensi1ty $or UT day 166. Again it compares ftavorably with
the radiometer curve +for the same day in Figure S5-7, The
intensity peak occurs on this day at %:30 hrs. UT. The same

reservatians abaut alignment drift occurred on this day at

6:00 UT as happened on the previous day.
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The calculated intertferometer OH radiance and
temperature curves for the other OH Meinel bands measured in
this study are included in Appendix C. The absolute scales
of radiance for the other OH bands were based on the (3,1)
band (the radiometer was calibrated in terms of the (3,1)
band) and using the band intensity ratios developed by
Turnbull and Lowe (19831 (1(4,2)=1(3,1)x1.03,
I1(8,5)=1(3,1)x0.14, 1I1(?,4)=I(3,1)x0.09). Only when the
interferometer is viewing in the zenith are the intensity
curves plotted in absolute terms. The geometry of looking
at low elevation angles +for the other data precluded
inclusion of absolute scales. Also shown in the Appendix

are the standard deviations for all the calculatians.

Rotational Temperatures for

Interferometer Zenith Data

Included in Figures S-8 and 5-9 are the calculated
rotational temperatures <for days 165 and 166 when the
interferometer is viewing in the zenith. The temperature
for day 165 indicates a rise in temperature and intensity,
beginning at about 4:00 hrs. UT, with a mean temperature of
about 175 °*K. The total rise in temperature is 15 *K with
the peak occurring at 5:20 hrs. UT. The temperature curve
for day 166 shows the same increasing trend as on the
previous day. The mean is about 170 *K with a total rise in
temperature of 15 °*K. The temperature peaks on day 166 at

S:10 hrs. UT. On both days as the interferometer views the
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zenith, the peak of the temperature curve precedes the peak
of the intensity curve by about 20 minutes (discussed more

in Chapter VI).

Rotational Temperature

Smoothing Algarithm

The curve of calculated rotational temperatures appeared
quite noisy at times. Consequently, smoothing algorithms
were employed. The smoothing technique used is a 3 frame
wide sliding Wwindow where the averaging is a weighted one.
Only 3 data points were used so as to not degrade the
temporal resolution of the data (this is about a 2 minute
time window) and still provide sufficient smoothing. The
weighting is accomplished using the reciprocal of the
standard deviation squared (or reciprocal of variance) for
each data paoint as its weighting factor in the running sumg
therefore, i#f a particular data point has a large
uncertainty it is weighted less in the average. This
algorithm was chosen because in data sets with large
differences from data paint to data point, with significant
differences in the variance of each point, this weighting
technique best identifies the mean curve through all data
points [(Bevington 196%91).

The specific algorithm used for the rotational

temperature smoothing is

‘;‘gfn';t;’,f\
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T

- 3 2 3 2
T = [ b (Tl/(oT PR RV N O WA ) Y ) ’ (5.1)
i=1 i i=1 i

where
?i = weighted average temperature at time i,
Ti = temperature at time i,
oTi= standard deviation of temperature Tt'

The standard deviation on the smoothed curve is also

changed due to the weighting and is recalculated using

1
3 - =
. = [2 (17¢q )2)} 2 . (5.2)
T,
i=1 i

where

cTi = averaqed standard deviation at time i.

Figure S5-10 shows temperature and standard deviation
curves before smoothing and Figure S-11 shows the same
curves after smoothing. All the temperature curves in
Appendi x C show a set of temperature curves for both before

and after smoothing.
Interferometer Recorded Structure

This research project was undertaken in an attempt to
quantify the intensity modulations and anticipated OH
rotational temperature modulations associated with airglow
structure events typified in Figure 1-4. The presentation
in this section is the result of the processed
interferometer OH (3,1) band recaords, which were observed

during the airglow structure event of June 135, 19683. The
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OH (3,1) band data have the highest signal-to-noise ratio

and, therefore, are felt to be the most reliable. The

“WQ presentation is given in three segments corresponding to
v:':;'a
ﬂ$ when the instrument was moved in viewing elevation or
e
‘:“o{é .
ot azimuth. A complete catalog ot all the observed OH band
?wc intensities and rotational temperatures 1s contained 1in
L3) -
e
?bl Appendix C.
%
t
"0‘:'.
Fi The interferometer-isocon camera system was lowered to a
?ﬁw viewing elevation angle of 1?* and an azimuth angle of 328°
'y
4
ﬁé' at about 7:30 hrs. UT (after moonset) on this date. Figure
i
LA 5-12 show the intensity modulations (and standard deviation)
;w' as seen by the interferometer until about 8:30 hrs. UT. The
2
T bright band dark band, bright band sequence show a
) ’ g
?f‘zft
e modulation in intensity of about 20%. This same sequence is
NS also shown in the isocon video frames in Figures 5-2 through
.,'Q:
::;;'.
,J? S5-4. Following the last bright band, the intensity falls
13
b off by 40%, indicating a relatively dark band. The
LS
b .
S?: simultaneous plot of the OH raotational temperature shown in
MO
l"l
B
44\ Figure 5-13 has a mean temperature of about 165 *K. The
0
n'!’
“'..*
R modulations seen are itn phase and correspand to the
L}
gﬁ increases and decreases in intensity in Figure 5-12. The
¥
¢
A"
§$3 magnijitude of the temperature modulations are from S to 8 °*K.
R |
- The standard deviation on the temperature calculation is
o
iy about +3 K.
B
“E% The interferometer was moved to a different viewing
u'(‘;'.
At
- location at about 8:30 hrs. UT and remained there until
S
h%‘ about 9:15 hrs. UT,. The new viewing angles were 15.5°
4

LGN !‘,,O‘kv}:ht‘. (1M

L E ; Y, W30 Ve b .
R R Ty



. |
10Q
SACRANENTO PERK DAY 166t JUNE 14-1315. 83
NEU PMEXICO ON BAND (3-1)
» J
'- -
ne.8l
F 4
w
z
8.6 \_w—\/‘-/
w
>
"
’—
s 5.9
—
w
-
5.2
s.8 1 i e
7.80 86.00 9.08
TINEWT)
SACRAMENTO PERK DRY 166t JUNE 11-31S. 83
38 NEU pEXICO OH BAND (3-1)
2S |
x
» 20 L
'—
(]
(2]
&
— 1S |
P 4 |
" |
o sl |
Q
Q
'—
;] S -
Pt N TN
’ i i n 3
7.08 .00 9S.08
TINE(UT)

Figqure 3-12. OH (X,1) band relative tntensity and standard
deviation, viewing angle = 17° El. 328°Az., day 166, 7:30-
8:30 hrs. UT.




101
SACRAMENTO PERK DAY 166+ JUNE 14-15. 63
NEU NEXICO OH BAND (3-1)
218
208
~
x 130}
w
S
o 188
[ 4
«
w
T 170
w
[ V\/\
160 | \,__a,a/h/N\qbﬂ
”“"‘
hLS
e
Kt 159 5 1 1
(3N
" 7.00 e.00 S5.08
) TINE(UT)
v
g SACRANENTO PERK DAY 166t JUNE 11-1S. 83
vy 38 NEU MEXICO OH BAND (3-1)
2 ~ 25 |
Y, 3
1':‘
Jr bt
.,l,. o 2. u
=
-
<
. «
;,:.' oo1s ¢
""“‘Q 5
l:‘l| -
O » 18 [
w
Q
; Q
. - S 1
)
: — e, p - ~
[} i 1 1
7.08 .09 3.8
o TINECUT)
‘,,: Figure S-13. OH (3,1) band smoothed rotation temperature
and standard deviation, viewing angle = 17* El. 328°* Az.,

day

166, 7:30-8:30 hrs.

uT.



102

elevatiaon and 340* azimuth. The intensity wmodulations at

this viewing position are shown in Figure 5-14. The first

¢t dark band, bright band, dark band sequence in this figure

gh

Eﬁ. show a modulation of 40%. The intensity modulations shown

(3

:ﬁk after the first bright band are much smaller, being on the

&x order of 10%. The video frames in Figures 5-5 and 5-¢

gﬁv correspond to the first dark band and occur just after the
N

k: peak of the very bright band of Figqure 5-14. The rotational

.y' temperature plot for this same time period is shown in

t

zﬁg Figure 5-1935. The mean temperature is about 1635 °*K. with a
¢

?g maximum madulatian of 10 * K. The uncertainty on the

i%b temperature calculations is about *4 °K during this time

Jii frame. The temperature and intensity modulations, at the

§;? beginning of this measurement period, are again in phase
ﬁﬁ. with each other. The 10% intensity modulations shown in
e

Esg Figure 5-14 occurring after 8:50 hrs. UT, however, do not

show any discernible modulations in the temperature.

Q&% The last cbservations ot the night began at about 9:15
.l\‘.ri
bt
.#;: and lasted until 10:15 hrs. UT. The viewing position of the

. interferometer was again changea to 15.5* elevation and 309*

3%% azimuth. Figure 5-16 presents the intensity modulation
?ﬁg record for this period. The curve shows the first sequence
o *y

Sl of structure exhibiting a modulation of 40% and three mare
i&g bright and associated dark bands with modulations of about
AR

g$? 20%. The corresponding rotational temperature plot, Figure

5-17, once again has a mean temperature of 165 *K. The

temperature maodulations are from S to 8 *K with each rise

T L . %0 e SO0 NO0 G300
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in temperature having a corresponding rise in intensi1ty of
at least 20%. The uncertainty on the temperature
Calculations is again abaut *4 °K,

The presentation in this chapter of the interferometer -
recorded structure ftor June 15, 1983 is focused aon the
information extracted from the UH (3, 1) band. Examination
of the Appendix C records for the other OH bands, presents
an additional observation. The two av=2 band temperatures
track each other within the standard deviation of the
calculations. The two av=3 band temperatures track each
other within the standard deviation of the calculations.
The av=3 band temperatures, however, are consistently from
135 to 32 *K hotter than the av=2 band temperatures
(discussed more in Chapter VI). Figure 5-18 is an example
with additional data available in Appendix C. Table 5-1

outlines a summary of the results presented in this chapter.

TABLE 5-1. Summary of OH airglow structure measurement
results far June 135, 1983.

1. Apparent structure period e o o & & o & 1421 minutes
2. Apparent structure temparal wavelength . . . . . 24%1 km

3. Apparent structure phase velocity « .+ o+ 2822 meters/sec

q, Intensity modulations measured . . . . . . . 10 to 40 %
S. Rotational temperature
modulations measured . . . . . . .+ . ¢ . W . S to 10 *K

6. Phase relationship of recorded rotational
temperature and intensity measurements . . . . In phase

7. Mean zenith OH (3,1) band intensity

e v+ s+« « ?5 kR
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Figure 3-16. OH (3,1) band relative intensity and standard
deviation, viewing angle = 13.3* El. 309°Az., day 166, 9:135-
10:18 hrs. UT.
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Figure 3-17. OH (3,1) band smoothed rotation temperature
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day 166,
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CHAPTER VI

DISCUSSION OF RESULTS

Rotational Temperatures

The mean meéesopause temperature for the month of June at
a mid-latitude site is expected to be about 170 *K with
variations of *20 *K possible during the month [NOAA 1976
and references thereinl. Noxan [1978] alsa recarded OH
Meinel rotational temperatures at Fritz Peak, Colorado {(z240°
N) during May 1977. During the last few days of May, he
recorded nightly mean temperatures of about 160 °K.

The mean OH rotation temperatures presented in Chapter V
are for an observing site at x32°* N and are between 165 *K
and 1735 *K. The references cited above suggest that these
rotational temperatures are typical of the mesopause
temperatures expected at mid-latitudes during the summer
seasan.

Examination of the standard deviation plots on
temperature (Chapter V and Appendix () reveals typical
values in the range 3-7 *K. This uncertainty is nearly as
large as many of the temperature changes aobtained 4from the
structure measurements. It is felt, however, that much of
the computed standard deviation may be systematic rather

than statistical. The model used for the determination ot

rotational temperature is based on the assumption that OH
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rotational populations are in true thermal equilibrium and
are thus strictly Boultzmann distributed. A slight deviation
from this assumption would cause a systematic error.
Another possible source of error results from the assumption

that all OH airglaow radiation ic emitted from a thin uniform

layers; whereas in reality, the layer is about 7 km in N
thickness. In addition, at low viewing elevation angles
210 the layer geometry is much more complicated. At these

|
low elevation angles atmospheric extinction, van Rhijn }
effect, and curved spherical geometry potentially have a
significant impact an the interpretation of the i

measurements,

The interferometer spectral response calibration is very
sensitive to alignment. The instrument typically remained
in alignment for about 2 hours. As can be seen <from the
increase in the standard deviation as a function of time
(7:30 to 10:15 hrs. UT, day 166), the alignment changed
significantly and this change could account for a portion of
the uncertainty. Therefore, the temperature modulations
obtained from the spectral data are felt to be wore
accurately detined than is suggested by the standard
deviation.

The assumption that the low observation elevation angles
associated with the structure measurements did not unduly
impact the computed temperature is supported by the fact

that the temperature at 6:45 hrs. UT on day 166 was 163 *K

(see Figure $S5-9) and the temperature at 7:30 hrs. on the
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1
o
}@v same day was 166 *K (see Figure S5-13). These temperatures
,Vi [\
17 é‘js

R represent the values computed just before and just after the
;qa interferometer “look direction® was changed from the zenith
R | |
y%. to near the horizon. |
,:f{.';

v

. Rotational Temperature and

525, .
e Intensity Modulations
Bah

‘,.:f‘_\

i The ranges of temperature and intensity modulations l

|

;{ﬁ' observed in the OH Meinel airglow structures are given in 1
)
by b i
)
‘ﬁg - Chapter V. The "adiabatic oscillation™ and "IGW" modeling
\" ) i
vy
iy k

i of the OH Meinel airglow variations mentioned in Chapter 1 (
}T
;%3 utilize a parameter which is readily calculated from the l
oS |
%Q intensity and temperature wmaodulatiaons. This parameter is

the ratio of the change in emission intensity normalized b,

i x

the mean emission intensity, divided by the change in

- b

o

)

temperature normalized by the mean temperature and is deemed

a',

; useful in studies of the OH airglaw structure phenomena.
Lt
wb The parameter is usually represented by the Greek letter eta
Y
\ﬂ, (1) and is defined as follows:

A
K
o M = [(AI/T)/CaT/T)] , (6.1)
iyt
L’\‘ ?‘ )
::::;
LAl where

a‘:‘[

Al = change or modulation in emission intensity,

_u;':tﬁ -
~3{ I = mean value of the emission intensity,
B s
et
fh? AT = change or modulation in rotational temperature,

s,

T = mean value of the rotational temperature,.

e
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The value of ] is potentially wuseful in distinguishing
between chemical processes which give rise to the OH airglow
emission and temperature structure. The physics of this
parameter is discussed by Krassovsky (19721 and Weinstock
[19731. Pendleton [19851] has summarized the essential
features of this parameter in Figure 6-1. In this figure,
the 10 value 1s plotted versus the ratio (H/Hx)’ where H is
the appropriate atmospheric scale height, and Hx is the
scale height (near 85 km) of minor species "x". Here the

letter "x represents either oxygen (0) or hydrogen (H) .

The simple adiabatic-oscillation model of Krassovsky [1972]

vields % values which are independent of (H/Hx), whereas the
aravity-wave model of Weinstock (19781 yields (H/Hx)
dependent values. The range o©f 0 values expected on the
basis of values of (H/Hx) inferred +from several measured
atomic oxygen profiles is also shown in the figure. The

information in Figure &6-1 indicates that values of % in the
range from 3 to 6 might be expected based on current
gravity-wave modeling and the ozone hydration process.

Using the numbers for the intensity and temperature
modulations and means, presented in Chapter VvV, the range of
calculated values for 1 are from 8 to 12. These values are
about a factor of 2 greater than those shown in Figure 6-1.
In view 0¢ the relatively large standard deviations on the
temperature determinations, the nominal factor o+f twao

disparity between predicted and measured 1 values is not

deemed significant.




-

ADIABATIC OSCILLATION
MODEL —
(Krassovsky, 1972)

-

N

EEECRNENERNR SENINENENN N NNUAN IR

BRERAARATERES AR RS AR R D NN

ARARNR R AR AR AR R B A N
AENANENRN AR IR R NN

NNNANN N AN

— — — — . ——— —— — —

B e S S D PN —

LAI/I)/(AT/TY]
o

GRAVITY
WAVE MODEL B
(Weinstock, 1978)
=—— RANGE OF (H/H)
AT 85 km FROM ]
SEVERAL sounlcss

Figure &4-1.
gravity-wave
19851.

na TTTIPCY Y, Y
'."‘l.' SO ‘4"‘*'1'1"‘(«‘1“*' ?.‘«‘."'l?.,'u%‘i.,"t‘.‘)‘_,‘i‘ N ‘t“‘.. * e ahnt v gt

Expected
models

-1 o) 1 2 3
[(H/Hy]

values for % (vertical axis) based on
and oOxygen measurements (Pendleton

M




114

The 1 values calculated $for the time per1ods when the
interferometer was viewing in the zeni1th were ocbtained by
assuming the pre-midnight 1ncrease 1n both temperature and
intensity reflected a wave-li1ke disturbance. The zeni1th-
viewing 1 values assoclated with the major pre-midnight
(I, T fluctuations on UT days 165 and 166 were found to be
consistent with n values deduced $rom the low-elevation-
angle data. The consi1stency o4 these two sets of
calculations lends credence to the i1dea, ornce agaln, that
viewilng near the horizon had little tmpact an the A
determinations although the modulation i1n both i1ntensity and
temper ature may have been 1mpacted by the qeometry of the
measurements.

The field of view (FOV) o0f the 1nterferometer 18 0,8°
full +4ield. Caonsideratian o+ the OH structures 1n the
nominally 13* by 1%5* video frames suggests that the 0.8° FOV
of the interferometer results in a horizontal spati1al

integration over about one hal+4 cycle 1N the quasi-peri10d

structures. This integration will degrade the horizontal
spatial resolution of the interferometer measurements. 1¢
the viave is assumed to be sinusoidal n nature and
restricted to a very thin spheracal shell, a simple

integration over 172 cycle indicates that the rotational
temperature modulations ctould be degraded by a 4{actor o+
about 1.93. The hori1zontal intensity structure 1s expected

to be more complex than the temperature structure (Weinstock

19781, However, 1i+¢ a similar “"degradation factor”® were
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applicable to the intensi ty measurements, then the
satisftactory agreement of the 0 values deduced from the
Zeni1th-viewing and near-horitzon-viewing measurements could

be explained.

Temperature Differences Observed

Between Bands

Rotatianal temperature differences between the high-\!
and low-v' levels characterized both the zeni1th-viewing and
near-harizon-viewing measurements. The high-v! rotational
temperatures were consistently higher than those ocbtained
¢rom low-v' bands, The bands used +{or detailled compari1son
are the high-v' (7,4) band and the low-v' (3,1) band. These
bands were chosen because of favorable i1nstrument response
and alignment stability in the spectral regions of
occurrence. The temperature differences observed ranged

between 13 and 32 °K,. The smaller difference applied when

looking in the zenith, and the di1fference qQqradually
tncreased throughout the night as the telescope was
physically moved, affecting the alignment. The increase in
the temperature difference 18 largely attributed to

instrument alignment dritt because the standard deviations
on the temperature calculations (which also retlect
misalignment) i1ncrease simultaneocously with (and at about the
same rate) the increase in tewmperature ditference.

Explanations were scught for thi1s diftfterence. It was

discovered that avr error in the line strength constant for
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oY the OH (7,41, Py (4) line had been entered into the
processing system. The constant was about 20% low in value.
AR In order to assess the impact of this error, a synthetic OH
&3 spectrum was generated assuming a typical temperature with
ot the associated error entered, and a Boltzmann plot was made.
)? A line was fit to the points in a least-squares sense and an
A3 associated temperature extracted. The OH (2,4 band model

used 12 lirnes in the fit; therefore, because the model fit

ﬁ? is least-squares in nature the error from this incorrect
e

¢

‘&ﬁ constant was found to be less than 1%.

ol

&N

Oy

o Another possible explanation o+ the high-v', low-v'

ah temperature difference is slightly different (% 1-3  km)
{iﬁ emitting altitudes. The ratio of AT to the mean temperature
i ?, i+ different for the high-v' low-v' measurements, would
%? support such a difference in mean emitting heights
N

g* (Fendleton 198351. The AT/T ratio within each observational

time frame was calculated and the difference in the ratio,

v between the high and low rotational levels, was found to be

"l less than 10%, with less than 30% difference among all
frames. These differences in the AT/T ratio between high-v!
and low-v!* bands when viewed in terms of the calculated
standard deviations does not provide evidence for
differences in mean emitting altitude.

'[' Within the standard deviation of the calculations, the
.o rontational temperature differences between the high-v! and

lovi-v! levels appears to be real. The magnitude for this

) “Ift.," LA Thits .“\'43(,"-. . “'i‘n'l R ‘l‘u.‘i’ "3

AN
AR

‘t‘l"‘,n'a‘,’a’.' l5900_-.!',,'I:,‘;.I,A‘é,‘,r“h"ltt“fg"fe‘l‘,q‘i‘,q“?*“"“?"{s‘.!’- s A i
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difference, as was mentioned in Chapter I, is within the

range reported by Krassovsky and Shagaev [1977].

Temperature and Intensity

Phase Relationship

The modeling af IGW's mentioned earlier predicts that
the changes in the OH Meinel rotational temperature should
be in phase with the IGW [Hines 194601]. The change in
intensity, however, should be related to the IGW temporal
structure in a potentially more complicated manner. This
situation arises partly because of the finite chemical time
constant assaciated with mesospheric azane. The appropriate
time constant for the cool (T =% 160 *K) summer -mesopause
conditions is about 25 minutes [Pendletan 19851]. For 1GW
periods somewhat in excess of this value, chemical
conversion of 03 is expected to be a significant factor in
the phenomenology, whereas for much smaller IGW periods
chemical conversion should be unimportant. Examination of
Figures 3-8 and 5-9 shows that the temperature maxima lead
the intensity maxima by about 20 minutes. This apparent
phase difference may relate to the aforementioned 03 time
caonstant, but it would be premature to draw this conclusion.
It is suggested that additional attention be given to this
interesting possibility.

The small-scale structures observed near the horizon on

uT day 166 exhibit an in-phase relationship between

intensity and temperature. The only exception ¢to this is

. B b 0
AR R EREREEE LTI R R WRERCLER,

S L e
=M'Jmhﬁr
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when the measured intensity modulation was less than about
20%. Under these conditions, no direct correlation between
intensity and temperature could be drawn. Since the
measured period of the small-scale OH Meinel structures was
signiticantly less than the nominal 835-km 03 time constant,
it does not appear that the in-phase behavior of the larger-
amplitude fluctuations is necessarily inconsistent with the

zenith measurements,.




CHAPTER V11X

CONCLUSIONS AND RECOMMENDATIONS
Overview

The goal of this study was to design, develop, and
operate an instrument system capable o+ performing
simultaneous spatial, spectral, and temporal high-resoclution
OH airglaw measurements. The design herein, and the
resulting data demonstrate the effectiveness of the
technigue. An airglow structure event which occurred on
June 15, 1983 was measured with the interferometer-
spectrometer system. OH Meinel intensities and rotational
temperatures were obtained for the peaks and troughs of this

wavelike structure.
Conclusions

The f0llowing are the specitic accaomplishments of this
study. The areas addressed pertain both to the instrument
designed faor airglow structure measurements and to the data
processing techniques used.

1. An optically-compensated interterometer $or high
throughput (AN=0,289% cm2 sr), was matched to a large
area collector (30-cm diameter) to narrow the fi1eld of

view (0.8%). A noise egquivalent spectral radiance

(NESR) (sensttivity) ot 16 R/Cm ! at 1.3 ¥m wae

e
—
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: achieved. In caomparisan, a conventicnal Michelson
interferometer-spectrometer with the same detector,
collector area, resolution, and scan time would have a

o' NESR of 128 R/cm-l, a factor of 8 less sensitive than

X the one developed for this study. When compared with a

conventional Ebert spectrometer, using the same detector

e and aperated at the same resolutian, a sensitivity of

208 R/cm—1 could be achieved, a factor of 13 less
sensitive.

2. A spectral resaolution of 2 cm-l was sufficient to

resolve the OH emission line structure for the

Y extraction of OH raotational temperatures. Based upon a

;{v rotational line separation of 10 cm-1 and the Hammirtr 3
t:' ;’l

n apodization function used, the spectral resolution of
9‘ the instrument could be lowered to no more than 4 cm—l.
g

ﬁg 3. Based upon the video records, the bright or dark bands

of OH structure subtend about 1* of arc at these low
; elevation angles (x 15°). The apparent temporal
wavelength was 2421 km, with a period of 14t1 minutes,
and an apparent phase velocity of 2812 meters/second.
o 49, The interferometer system field of view was measured at
o 0.8°. The interferometer FOV is sufficiently narrow to

tndependently view a "bright* ar a “"dark” structure

o band. Based on this limited data set and simple wave
¥
L)
«
ﬁn geometry, the field of view could be as large as ?°¢ 1€

these structures were viewed in the zenith.
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The measured intensity modulations (cantrast ratios) far
the OH airglow structures ranged between 20 and 40% with
interferometer recarded periods of 14 minutes The
calculated standard deviation was typically 3%.

The mean calculated OH Meinel rotational temperature for
the aforementioned event was 165 °K. The measured
modulations in rotational temperatures associated with
the changes in intensity ranged from S5-10 *K and are in
phase with the intensity modulations. Typical standard
deviations on the rotational temperature calculations
ranged from 2-7 °K, The mean temperature and magnitude
of the temperature fluctuations are consistent with both
I1GW theory and previous mesospheric temperature
measurements.

The least-squares model used to extract band intensity
and rotatiaonal temperature provides a computational
efficient way (convergence to final values occurred
within q iterations o+f the +itting routine) to
simul taneously derive these values. The model also
provides a measure (standard deviation) of how well the
data fit a Boltzmann distribution.
The insight needed to identify what is being observed
from the airglow layer can only be provided by the
camera (or similar) videa system. The measurement of OH
airglow structure events with the interferométer system

would not be possible without the simultaneous use of

. , " g
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the isocan camera, because with the interterometer

alone, exactly what was being viewed would be unknown.
Recommendations for Future Research

The interferometer worked as designed and proved to be

an excellent tool for this type of study. The madel
developed for the extraction ot rotational temperatures and
intensities is an accurate technique and provides

computational flexibility, However,

several suggestions are

made for consideratian for future wark.

1.

The optical path within the interferometer is wvery
complex. There are 20 optical surfaces through which
the incoming energy mwmust pass before reaching the
detector. Assuming a typical loss of 4% per surface,
80% of the incoming signal is laost before reaching the
detector. This complex optical path should be
redesigned tao minimize the number o©of optical elements
and oaoptically coat the remaining elements to minimize
reflection loss.

The physical size of the instrument should be reduced to
facilitate portability to remote sites.

The instrument is very sensitive to optical alignment.

The optical components need to be mounted in a more

stable manner to hald their location better.

The alignment (s very sensitive to temperature. It is

necessary therefore to temperature control the

: 2 Bl T Vg ke ¥ e LR
R IR sfzii't'a*f'¢it‘.lf?sl’ A"‘st.‘ni!§¢‘*‘5f€‘t?s‘e‘ ‘a‘:“'g‘a=.‘.{’i
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interferometer enviranment to preclude instrument
changes as the outside temperature fluctuates.

The telescope pointing system needs to be automated.
The sensitivity of alignment to physical motion as well
as the need to point the instrument to an area of
interest demand that the positioning of the system be
automated.

aAn infrared camera system, like the one provided by the
University of Southampton, necds to be permanently
incorporated as part of the interferometer system. The
interferometer cannot effectively gather data on airglow
structure if the location of the structure is not known
and the camera provides this input.

The instrument must be provided a better means of
calibratian. The blackbody sources used in this study

give a reasonable indication of alignment and instrument

response but as the system alignment drifts the
calibration is less meaningful. Perhaps a technique
utilizing OH spectral line pair ratios which are

independent of rotational temperature but sensitive to
alignment could be used as a dynamic measure of
instrument alignment.

A recommendation is made to investigate ather detectors,
in order to extend the ability of the interferometer,
with a wider spectral bandwidth and higher sensitivity.

The RCA detector used in this study is an excellent

detector where it is sensitive but is somewhat limited
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ﬁh in spectral bandwidth,. A larger detector could also be
|
L
e 8
e used tao increase the throughput, although the throughput
. i
& )
Lﬁb is now almost limited by the size of the inter+ferometer
¢
)
|':',|' 1
!Mq optics.
:o:Q:q i
o . A new data system should be developed to record the
2y
?@ interferometer data allawing for at least the
ﬁ& digitization of the data during recording. The analog
’,' 1
"‘:3 J‘
tapes are bulky and expensive but more importantly, |
[ |
NN ‘
4?' Playing back the tapes for data reduction is too time
¥ 4
ﬁé:. consuming.
W 5 ¥ |
et ‘
: 10. The calibration curves provided to the model derived {
gl {
&%5 from aoccasiaonal alignment processes with a tungsten |
RO !
ﬁé{ blackbody could be improved. As Wwas mentioned earlier, %
el ‘
a dynamic calibration using information inherent in the |
l'(’;ﬁ‘
.ﬁﬁ‘ spectrum could be used to better adjust the model to the
i
00
bw: instrument response.
o??'o
J 11. Examination of Figures 3-3 and 3-4 shows that the phase
Ll “}
RN
{?i correction used to eliminate the chromatic effects of
LR
':f'Q:
BRIcH the instrument on the data works well on the slowly
‘»T,'
' varying blackbody curve but the negative informatian on
g
?3; the spectrum makes the technique suspect when applied to
‘,i‘:’i
]
%ﬁg the rapidly changing data. A phase correction technique
i, 4
which operates in the interferogram "domain® where the
s
U
ﬂ shaping could be done with simple multiplication could
’.'.5'
()
'*“ prove to be more accurate.
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13.

14.
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The extraction of line amplitudes from the
interferometer could be improved in two areas. First,
the approximate locations of the spectral lines cf
interest are found in a manual manner. A template using
a synthetic spectrum could be designed for each OH band
and a correlation routine could be used to automatically
search the raw data for the location of the lines.
Secondly, the apodization routine used to extract the
actual line amplitude from the data should be modified
to calculate a line area rather than amplitude. The
area routine would provide far the averaging out of
noise whereas the amplitude routine always searches for
the most positive peak.

The model should be modified to to use the "Q" branches
of the OH bands. To do this the molecular constants for
both Ql and 92 would need to be averaged as one because
the intertferometer does not resolve the two groups.
This addition should add more accuracy to the madel
because the @ branches are the largest lines within each
band.

The model could be maodified to include a third variable,
water caolumn content, based on the several lines within
the OH bands which are severely affected by water
absorption. The model then could provide additional

information about the atmosphere.
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Appendi1x A

OH Transi1tions

This appendix briefly describes wh. . the radirati1on $roam
the OH wolecule 1S s0 complex. The marny spectral lines
generated by the excited radical are depicted 1n Fiaure 4 1.
The molecule routates and vibrates simultanewusly, and €auh
0o+ the motions are Qquantified and 1nteractive.

The total molecular angular moumentum without electrornac

. hd
spin K 18 also quanti1zed and 1s i1dentified b, the guartiua

-»
number K. The quantity k 15 comprised ot two parts

The vector & 1s the nuclear angular momentum and the vector
1 is the angular momentum of the orbiting electron claoud
projected onto the i1nternuclear axis. The quantum number A
associated with the electranic arbital momentum can take on
a value of +! or -1 depending upon which way the electron
cloud is orbiting with respect to the nuclear rotation. The
double degeneracy of A leads to the so-called A splitting of
each statej however, the split is less than 1 c;m—1 at low
rotational speeds (Baker 19781, which is less than the
instrument resolution used for this study, therefore the A-
split lines will be considered as one.

The quantum number K can take on values K = 1,2,3,...

The selection rule; however, is
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sk = 0O, 1 . (A.2)

Trhe collection of lines within each band, grouped accordaing

to thear recpective  ak, are called branches. The branch
with a4t = 0 15 called the Q branch, that for 4K = +1 is the
F branch, and that for 8K = -1 1s ctalled the P branch.

The OH molecule has an aodd number of electrans. This
imbalance results 1n a net electronic spin angular momenturmn

*
S and is represented by quantum number S. The odd electron

91ves raise tao an even multiplicity 2S+1l. Since the total
number of electrons is odd, S is half integral (S =%1/2),
each transition state is a doublet. It 1s sometimes

-
convenient to caonsider the total electron angular momentum 0
as a separate entity. The total electran angular mamentum

is
3 > <
il = A + S . {A.3)

Therefore, each vibration-rotation transition will split
into two separate spectral lines according to whether O4=3/2
ar Q=1/2.

The OH molecule is very light and as a consequence the

()22

odd electron Spin is only weakly coupled to the
internuclear axis. The molecule is therefore, modeled as

Hund's case (b) (Her tzberg 19711, The total molecular

angular mamentum 3 can now be faormed

e
n
X+
+
n+

(A.4)
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As can be seen from Equation A.4, far each value of K there
are two values for J. Each branch of the OH spectra must

also take on two values. I+ N=3/2, then
J =K + /2 = 1.5, 2.5, 3.3, ... . (A.3)

These values for J lead to a set of spectral lines known as

P Q and R, branches. I+ =172, then

1’ 1’ 1

J =K- 1/2 = 0.5, 1.5, 2.5, ... . (A.6)

These values for J give rise to a set af spectral lines

known as P2, Q and R2 branches. Additional information on

2’
the physics of OH molecule is readily available in the

literature, among them are Baker (19781, Hertzberg t1e711,

and Mies [19741].
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APPENDIX B.

RCA LIMITED GERMANIUM DETECTOR SPECIFICATIONS

RCA supplied the following specifications for their limited germanium
detector:

TE-71 Series
NEP(1.42,10,1) = 10-1% WHz-1/2

TM-71 Series

NEP(1.42,500,1) = 10-1% WHz-1/2
Area = 0.20 cm?

Cooled to 77 K

Responsivity = 107 - 108 yw-!

In order to achieve good noise performance, it is necessary to cool both the
detector and the preamplifier.

Special Optics: The standard window is quartz; different window material,
special filter or condensing optics can be fitted provided no substantial
mechanical redesign is necessary. The normal field of view for the detector

is close to 90°.

If the user desires to operate the TM-71 system at very high frequencies, it

is possible to trade NEP for frequency response. Other special features may
be added to these developmental systems.
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The responsivity varies according lo the -
spectral curve. Some voriation in this :'E
curve is possible occording to the
customer requirements. £
A
TYPICAL
+*
o SPECTRAL RESPONSE
~|O‘J ] ’ ‘

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
WAVELENGTH (um)

Figure B-1. Typical detector spectral response. The responsitivity varies
according to the spectral curve. Some variation in this curve
is possible according to the customer requirements.

TABLE B-1. Germanium Detector Technical Data

TE Series 71 TM Series 71

. Operating Temperature 77 K 77 K
Noise Equivalent Power NEP(1.42,10,1)=1x10-1% NEP(1.42,500,1)=1x10-1%
(guaranteed), WHz-1/2
Best NEP (previously NEP(1.42,23,1)=1x10-15  NEP(1.42,4000,1)=1x10-15
achieved), WHz-1/2
Noise level (at output) ~1pV ~10uV
Impedance level (at output) ~50000 ~5009
Responsivity, VW-1 ~5x10~7 ~5x10~7
Linear range for power, W 10-1% - 10-10 10-1% - 10-10
Useable 1imit (power), W ~6x10-9 ~2x10-9
Frequency caracteristic f-1 flat, 3dB at 500 H:
Detector area (circular), cm? 0.2 0.2

Typical Operating Volts, V -10 -10, +10
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Appendix C

Interferometer Data Catalog

The interferometer data for observations taken on June
13-15, 1983 are contained within this appendix 1n thear
entirety. All data presented were recorded at Sacrament. .
Peak, New Mexico. The {igures are all orgarni red
chranologically beginning on day 168 at 3:30 hrs. Uy an
proceeding through day 166, 10:13 hrs. UT.

Both of the abservation days’' records begin with th.
interferometer viewing in the zenith. At moonset on day 1aon
the interferometer and camera systems were lowered to view
near the horizon. The low elevation viewing peri1od dur .
day 166 is divided into three time frames, corresponding to
when the interferometer was adjusted in viewina location.
The time period and viewing position are identified 1n e€acH
figure caption.

Within each time segment of the data presentation, the
figureslare organized according to the OH Meine!l band ¢r o
which the data were calculated. First is the OH (4,2) band,
second the OH (3,1), third the OH (8,3) band, and fourth the
OoH (7,4) band. Each of the band groups shows curves far

first the intensity, second the rotational temperature, and

third the smoothed rotational temperature calculation with

the assoclated standard deviation faor each.
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Figure C 9, OH t3,1) band rotational temperature and
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' T30 hreg, UT,




147
SACRANENTO PERK DAY 16St¢ JUNE 13-14., 83
NEW MEXICO OH BAND (3-1)
229
218 |
~
* 208 .
w
3
- 190 L
[ 4
o
w
£ ses|
w
- //J\VA“v/JV V*\A
4
178 | '\
168 s | 1 1 1 1 1 1 L
3.9 1.00 S.00 6.08 7.80 6.0
TIRE(UT)
SACRAMNENTO PERK DAY 16St JUNE 13-14., 83
3 NEU PMEXICO OH BAND (3-1)
~ 25 }
Y1
-t
w
g 20
r
[ 4
w
e 18 |
<
w
[
> 18 L
w
Q
[@]
- S -
)
N
[ ) i 1 4 N A : i R | T U
3.00 .08 S.80 6. 08 7.88 0.0
TINRE(UTY)
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and standard deviation, viewing angle = tenith, da, 16%,
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